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Investigation

Deep mutational scanning of CYP2C19 in human cells 
reveals a substrate specificity-abundance tradeoff
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The cytochrome P450s enzyme family metabolizes ∼80% of small molecule drugs. Variants in cytochrome P450s can substantially alter 
drug metabolism, leading to improper dosing and severe adverse drug reactions. Due to low sequence conservation, predicting variant 
effects across cytochrome P450s is challenging. Even closely related cytochrome P450s like CYP2C9 and CYP2C19, which share 92% 
amino acid sequence identity, display distinct phenotypic properties. Using variant abundance by massively parallel sequencing, we 
measured the steady-state protein abundance of 7,660 single amino acid variants in CYP2C19 expressed in cultured human cells. 
Our findings confirmed critical positions and structural features essential for cytochrome P450 function, and revealed how variants at 
conserved positions influence abundance. We jointly analyzed 4,670 variants whose abundance was measured in both CYP2C19 and 
CYP2C9, finding that the homologs have different variant abundances in substrate recognition sites within the hydrophobic core. We 
also measured the abundance of all single and some multiple wild type amino acid exchanges between CYP2C19 and CYP2C9. 
While most exchanges had no effect, substitutions in substrate recognition site 4 reduced abundance in CYP2C19. Double and triple 
mutants showed distinct interactions, highlighting a region that points to differing thermodynamic properties between the 2 homologs. 
These positions are known contributors to substrate specificity, suggesting an evolutionary tradeoff between stability and enzymatic 
function. Finally, we analyzed 368 previously unannotated human variants, finding that 43% had decreased abundance. By comparing 
variant effects between these homologs, we uncovered regions underlying their functional differences, advancing our understanding of 
this versatile family of enzymes.
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Introduction
Nearly 20,000 cytochrome P450 (CYP) heme monooxygenases have 
been identified across all domains of life (Nelson 2011). CYPs 
catalyze a wide range of reactions with a diverse set of substrates, 
making them some of the most versatile enzymes in existence 
(Coon 2005; Munro et al. 2013). The 57 human CYP genes are grouped 
into 18 families with 43 subfamilies (Zhao et al. 2021), highlighting 
their genetic heterogeneity even within a single species. Despite their 
genetic and functional diversity, key structural and topological fea
tures of CYPs are highly conserved (Werck-Reichhart and Feyereisen 
2000; Sirim et al. 2010). However, the relationship between CYP gen
etic variation, structure, and function is far from fully elucidated. For 

example, within CYP family 2, subfamily C (CYP2C), CYP2C19 (MIM: 

124020, 609535) and CYP2C9 (MIM: 601130) are the most closely re

lated subfamily members, sharing 92% amino acid sequence iden

tity. Their protein structures have nearly identical organization, 

with the largest deviations between their Cα backbones in the sub

strate binding cavity being only ∼3 Å (Reynald et al. 2012). Yet, the 2 

homologs are functionally distinct, with largely disparate sets of sub

strates (Niwa and Yamazaki 2012; Wishart et al. 2018) and divergent 

membrane interactions (Mustafa et al. 2019). Moreover, CYP2C19’s 

melting temperature is ∼11°C higher than CYP2C9’s (Thomson 

2021). Thus, even between these close homolog CYPs, the 43 diverged 

positions drive large functional differences.
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Understanding the functional impact of variants across CYPs is 
particularly important because ∼12 of the 57 human CYPs contrib
ute to metabolizing 70–80% of currently prescribed drugs that are 
processed by enzymes for elimination. Of those 70–80% 
CYP-metabolized drugs, CYP2C19 and CYP2C9 account for 20–30% 
(Zanger and Schwab 2013). Genetic variation in CYPs can substan
tially alter individual drug response leading to adverse drug 
reactions (ADRs), which are among the leading causes of morbidity 
and mortality (Lazarou et al. 1998; de Vries et al. 2008), and cost an 
estimated $30.1 billion annually (Sultana et al. 2013). To provide 
clinicians guidance for treating individuals with CYP variants, the 
Clinical Pharmacogenetics Implementation Consortium (CPIC) 
categorizes CYP genes into star (*) allele haplotypes according to en
zymatic function: normal function, decreased function, no func
tion, and increased function (Sim and Ingelman-Sundberg 2010; 
Relling and Klein 2011). Genetic testing and employment of CPIC 
Guidelines can prevent many ADRs. For example, up to 30% of the 
population may have a CYP2C19 variant with reduced function 
(Klein et al. 2018) which may result in impaired activation of the 
antiplatelet drug clopidogrel. Genotyping for CYP2C19 loss of func
tion variants can avoid major adverse cardiovascular events (Galli 
et al. 2021; Pereira et al. 2021; Dean and Kane 2022). However, only 
a very small number of CYP variants have established functional 
consequences, and it is unknown to what degree variant effects in 
one CYP can be applied to others.

Measuring CYP variant function individually is laborious and 
low throughput, but massively multiplexed methods can be used 
instead. Variant abundance by massively parallel sequencing 
(VAMP-seq) measures steady-state protein abundance of thousands 
of variants in parallel (Matreyek et al. 2018). In VAMP-seq, as in other 
similar methods (Yen et al. 2008; Kim et al. 2013; Klesmith et al. 2017; 
Zutz et al. 2021), steady-state protein abundance is used as a proxy 
for protein stability. Steady-state protein abundance refers to the fi
nal concentration of a protein when its rates of synthesis and decay 
are balanced (Hargrove and Schmidt 1989). To control for variation 
in protein synthesis, the VAMP-seq vector uses a single promoter to 
express 2 fluorescent reporters from a single mRNA transcript using 
an internal ribosome entry site (IRES). In each cell, the fluorescent 
signal of the target gene fused to enhanced green fluorescent pro
tein (eGFP) is normalized to mCherry fluorescence meaning changes 
in fluorescence are due to degradation. The resulting measure
ments correlate with changes in thermodynamic stability, indicat
ing that reduced steady-state abundance is likely due to loss of 
protein stability (Matreyek et al. 2018; Suiter et al. 2020; Zutz et al. 
2021; Christensen et al. 2023).

Previously, we used the VAMP-seq assay (Matreyek et al. 2018) to 
measure the abundance of 6,370 of 9,780 possible single amino 
acid variants in CYP2C9 (Amorosi et al. 2021). From the resulting 
variant effect map, we identified patterns of loss of abundance 
that revealed mutationally sensitive regions of the protein. 
Additionally, we revealed hundreds of variants with reduced abun
dance in the human population in addition to providing variant ef
fect measurements for thousands of variants not yet observed 
(Amorosi et al. 2021).

Here, we used VAMP-seq to measure 7,660 of 9,780 possible sin
gle amino acid variants of CYP2C19. We identified 4,698 variants 
that likely result in reduced protein abundance, with 1,122 of 
those exhibiting complete loss of abundance equivalent to non
sense mutations. We first analyzed positions conserved across 
all eukaryotic CYPs, revealing that all but 6 of the 58 conserved po
sitions were intolerant of substitutions. Four of the tolerant posi
tions were catalytically important sites buried in the hydrophobic 
core where mutations are nearly always deleterious, suggesting 

that some sites critical for enzyme function may not impact 
abundance. We jointly analyzed the CYP2C19 and CYP2C9 variant 
abundance dataset and found 2,366 variants the abundance of 
which differed between the 2 enzymes. Most differences were of 
small effect, though a fraction of the differences were large. 
While nearly all sites had at least one variant that differed, 83 of 
489 (17%) sites were significantly different between the homologs. 
CYP2C9 had higher mutational tolerance in its hydrophobic core 
than CYP2C19, and variants in the structurally conserved K′ helix 
were highly deleterious in CYP2C19, but tolerated in CYP2C9, even 
though all K′ positions contain the same amino acid in both homo
logs. We analyzed wild type (WT) amino acid exchanges between 
CYP2C19 and CYP2C9, revealing that sequence differences in a set 
of diverged positions contribute to possible differences in thermo
dynamic stability between the homologs. These divergent posi
tions are also important for substrate specificity, suggesting that 
reduced thermodynamic stability in CYP2C9 may have been evo
lutionarily tolerated in exchange for functional benefit (DePristo 
et al. 2005). Finally, we analyzed the effects of human CYP2C19 
variants. Our abundance scores are largely concordant with 
existing functional annotations indicating that, like for many 
other proteins, loss of abundance accounts for the majority of 
loss of function alleles. We provided abundance scores for 368 
out of 408 (90.2%) previously unannotated single amino acid var
iants in the Genome Aggregation Database (gnomAD) (Karczewski 
et al. 2020). Thus, by conducting the first comparative analysis of 
closely related CYPs using large-scale variant effect data we pro
vide fundamental insights into common CYP structural features 
that differentially impact abundance between CYP2C19 and 
CYP2C9. We also provide functional annotations for human 
CYP2C19 variants which could be used to improve genotype- 
guided dosing of drugs metabolized by CYP2C19.

Methods
General reagents
Unless otherwise noted, all chemicals were obtained from 
(MilliporeSigma) and all the enzymes were obtained from New 
England Biolabs. All cell culture reagents were purchased from 
Thermo Fisher unless otherwise noted. All plasmids and oligonu
cleotides used in this study are listed in Supplementary Table 3.

Growth media and culturing techniques
HEK293T cells (ATCC CRL-3216) and the derived landing pad cell 
line were cultured in Dulbecco’s Modified Eagle Medium supple
mented with 10% fetal bovine serum, 100 U/mL penicillin, and 
0.1 mg/mL streptomycin. Landing pad expression was induced 
with doxycycline at a final media concentration of 2.5 μg/mL. 
Cells were passaged by detachment with trypsin 0.5% (w/v). All 
cell lines were tested for mycoplasma on a monthly basis and con
sistently negative.

Library mutagenesis
The CYP2C19 library was constructed using inverse PCR-based 
site-directed saturation mutagenesis (Jain and Varadarajan 
2014). Saturation mutagenesis primers were designed for each co
don of CYP2C19 across positions 2 through 490. Each forward pri
mer contained an NNK (N: A, C, G, or T; K: G or T) at the 5′ end of 
the sequence. Primers were obtained from Integrated DNA 
Technologies (IDT). Our library consisted of 7,660 of 9,291 
(82.3%) possible missense substitutions represented by 147,723 
unique barcodes (mean of 11.87 and median of 7 for single amino 
acid variants; see Supplementary Table 2 for details).
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CYP2C19 WT was codon-optimized for human expression in a 
pHSG298 backbone. We completed inverse PCRs using NNK oligos 
for each position excluding the methionine at position 1. Each PCR 
reaction contained 125 pg of template, 2 μM of mixed primers, 
and 5% DMSO in a 5 μL reaction volume of KAPA HiFi Hotstart 
2×  ReadyMix. The resulting products were confirmed by visualizing 
on a gel and quantified using either the Quant-iT PicoGreen dsDNA 
Assay Kit (Invitrogen) or Qubit fluorometry (Life Technologies). The 
PCR products were then pooled at equimolar ratios and cleaned 
using the DNA Clean and Concentrator Kit (Zymo Research), fol
lowed by gel extraction. The pooled libraries were 5′ phosphorylated 
with T4 polynucleotide kinase and subjected to intramolecular liga
tion overnight. Next, 8.5 μL of phosphorylated product were com
bined with 1 μL of 10×  T4 ligase buffer and 0.5 μL of T4 DNA ligase 
(NEB), incubated at 16°C overnight, and cleaned and concentrated. 
The ligated products were transformed into electrocompetent 
Escherichia coli cells (NEB C2989K or C3020K) with electroporation at 
2 kV, and the resulting transformants were plated on LB + kanamy
cin. The CFUs on the plates were counted to estimate the number 
of unique molecules transformed and to estimate the coverage of 
the library. Finally, the library was subcloned into the expression 
and recombination vectors and barcoded.

To generate barcoded libraries, the variant library was first di
gested with SacII and AflII at 37°C for 1 h, followed by heat inactiva
tion at 65°C for 20 min. We ordered barcode oligos with 18 bp 
random sequences from IDT, resuspended them at 100 μM, and an
nealed them by combining 1 μL of each primer with 4 μL of 
CutSmart buffer and 34 μL of ddH2O and running 98°C for 3 min, 
ramping down to 25°C at −0.1°C/s. The annealed oligos were then 
filled by combining 0.8 μL Klenow polymerase (exonuclease nega
tive, NEB) with 1.35 μL of 1 mM dNTPs and 40 μL of product to fill 
in the barcode oligo, incubating at 25°C for 15 min, 70°C for 
20 min, then ramping down to 37°C at −0.1°C/s. The resulting pro
ducts were then ligated overnight at 16°C. The barcoded library was 
transformed into electrocompetent E. coli cells (NEB C2989K), and 
were then midiprepped (QIAGEN). The size of the barcoded library 
was bottlenecked and estimated by colony counts to be 67,000.

To obtain more accurate library counts, we sequenced the li
brary barcodes with Illumina sequencing. The forward and re
verse reads were merged using Pear (Zhang et al. 2014), and 
barcode counts were estimated using Bartender (Zhao et al. 
2018). Barcodes with fewer than 10 reads were filtered out, result
ing in ∼200,000 unique barcodes for an average of 21×  coverage.

An important caveat to this library cloning method is under
representation of nonsense variants. This is because NNK oligos 
encode 32 unique codons with only one stop codon (i.e. TAG). 
Therefore, instead of 3 out of 64 (∼4.7%) nonsense variants per pos
ition, this method produces 1 out of 32 (∼3.1%) nonsense variants.

PacBio sequencing for barcode-variant mapping
PacBio sequencing libraries were generated with SMRTbell Express 
Template Prep Kit 3.0 (Pacific Biosciences) according to the manufac
turer’s instructions. The barcoded variant sequences were excised 
using restriction enzymes NheI-HF and HindIII-HF and purified 
with AMPure PB beads (Pacific Biosciences 100-265-900) at a 1:1 ratio 
of beads to DNA. Following end-repair, A-tail attachment, and liga
tion, the assembled product was extracted using a BluePippin instru
ment (Sage Science, BLU0001) using a 0.75% (w/v) agarose precast 
cassette (Sage Science, BLF7510). Library purity and size was con
firmed by 4200 TapeStation (Agilent, G2991BA) before sequencing. 
Samples were submitted to University of Washington PacBio 
Sequencing Services and sequenced on one SMRT (Single Molecule, 
Real-Time) Cell in a Sequel II v2.0 run using a 15 h movie.

We filtered long reads for a minimum of 3 passes. We then ana
lyzed the circular consensus reads using PacRAT to identify and 
link the gene variants with the barcode region (Yeh et al. 2022). 
The filtered barcode-variant library contained 12,559 unique 
nucleotide sequences tagged by 176,372 unique barcodes (see 
Supplementary Table 2 for details).

FACS-based deep mutational scan (VAMP-seq)
All human cell experiments used HEK293T cells with a Bxb1 serine 
recombinase landing pad with an inducible Caspase 9 cassette 
(HEK293T-LLP-iCasp9) (Matreyek et al. 2020) that enabled expres
sion of one variant per cell. To recombine the variant library into 
HEK293T cells, 3,500,000 cells were seeded in 10 cm plates (2–4 per 
replicate) and transfected with FuGENE 6 Transfection Reagent 
(Promega, E2692). In 1 tube, 7.1 μg of barcoded library plasmid 
were mixed with 0.48 μg of Bxb1 plasmid in 710 μL of OptiMEM. 
In a separate tube, 28.5 μL of Fugene were diluted into 685 μL of 
OptiMEM. The Fugene and DNA tubes were then combined and in
cubated at room temperature for 15 min. The Fugene/DNA mix
ture was added to cells dropwise, and cells were incubated for a 
minimum of 48 h before induction with doxycycline at a final con
centration of 2.5 μg/mL. After 24 h of doxycycline treatment, we 
added AP1903 at a final concentration of 2 nM to induce Caspase 
9 dimerization and eliminate all unrecombined cells.

Transfected HEK293T cells were sorted using a BD AriaIII sort
er. Cells were gated for live, recombined singlets. In recombined 
cells, the ratio of GFP:mCherry fluorescence was calculated and 
plotted as a histogram. The histogram was split into 4 quartiles. 
Each quartile was sorted into separate 5 mL tubes. Cells from 
each bin were grown out for 1–2 days to ensure enough DNA for 
sequencing and to improve replicate correlation compared to imme
diate sequencing, as previously found (Amorosi et al. 2021). Three 
biological replicates from separate transfections were collected for 
the FACS-based deep mutational scan (see Supplementary Table 1
for details).

Sorted abundance library amplification  
and sequencing
Sorted cells were harvested and pelleted by centrifugation, 
and then stored at −20°C until all replicates were collected. 
Genomic DNA was extracted using the DNeasy Blood & Tissue 
Kit (QIAGEN) according to the manufacturer’s instructions, with 
the addition of a 30 min incubation step at 37°C with RNase during 
the resuspension step. For the first round of PCR, eight 50 μL reac
tions were set up for each sample, with a final concentration of 
50 ng/μL input genomic DNA, 1× Q5 High-Fidelity Master Mix, 
and 0.25 μM of JS454 and JS1004 primers (see Supplementary 
Table 3 for details). The reaction conditions were 95°C for 30 s, 
98°C for 10 s, 60°C for 30 s, 72°C for 3 min, repeated 4 additional times, 
followed by 72°C for 2 min and a 4°C hold. The 8 reactions were then 
combined, bound to AMPure XP (Beckman Coulter) at 0.6× bead vol
ume to sample volume, cleaned, and eluted with 38.5 μL water. From 
the eluted volume, 15 μL (40%) was mixed with Q5 High-Fidelity 
Master Mix, GB001, and one of the indexed reverse primers, JS385 
through JS473, added at 0.25 μM each. The PCR reaction was run 
with SYBR Green I on a Bio-Rad MiniOpticon. The reaction was dena
tured for 3 min at 95°C, cycled 18 times at 95°C for 15 s, 67°C for 30 s, 
and 72°C for 45 s, with a final 2-min extension at 72°C.

The indexed amplicons were then run on a TapeStation accord
ing to the manufacturer’s instructions. For each sample, 1 μL sam
ple was mixed with 3 μL of sample buffer, thoroughly mixed, and 
run on a D1000 ScreenTape (Agilent Technologies) using an in
ternal electronic ladder. The bands were quantified using the 

CYP2C19 VAMP-seq, specificity-abundance tradeoff | 3
D

ow
nloaded from

 https://academ
ic.oup.com

/genetics/article/228/3/iyae156/7774808 by Ann N
ez user on 10 January 2026

http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyae156#supplementary-data
https://academic.oup.com/genetics/advance-article/doi/10.1093/genetics/iyae156/7774808#supplementary-data
https://academic.oup.com/genetics/advance-article/doi/10.1093/genetics/iyae156/7774808#supplementary-data
https://academic.oup.com/genetics/advance-article/doi/10.1093/genetics/iyae156/7774808#supplementary-data


TapeStation analysis software. The samples were then pooled in 
equal amounts, loaded onto a 1% (w/v) agarose gel with SYBR 
Safe, and then the gel was extracted using a Freeze ’N Squeeze col
umn (Bio-Rad). Finally, the quantification of the pooled sample was 
done with the Qubit 1X dsDNA Assay Kit Broad Range (Q33266).

Library sequence analysis
Barcode sequences were trimmed and filtered for a minimum base 
quality of Q20 using the FASTX-toolkit. These barcodes were then 
used to generate a FASTQ file input for Enrich2 to count variants. 
Variants with insertions, deletions, or multiple amino acid substi
tutions were excluded. Barcode counts were then collapsed to vari
ant counts, retaining variants with a total frequency >4 × 10−5 

across all bins (Supplementary Fig. 2). For each replicate, an abun
dance score was calculated using a weighted average of variant fre
quency across bins (w1 = 0.25, w2 = 0.5, w3 = 0.75, w4 = 1) (Matreyek 
et al. 2018). Scores were normalized to synonymous and nonsense 
distributions, excluding the top 20% of nonsense scores. Single 
amino acid variant abundance scores ranged from −0.09 to 1.5.

Abundance classes were determined as in previous studies 
(Matreyek et al. 2018; Amorosi et al. 2021). To discriminate between 
“WT-like” and “decreased” scores, we used a synonymous score 
threshold. This threshold was set at the 5th percentile of synonym
ous scores (0.856). Variants were classified as “WT-like” if their lower 
confidence interval exceeded the threshold, or as “possibly WT-like” 
if only their score surpassed the threshold. Additionally, an upper 
threshold at the 95th percentile of synonymous scores (1.14) was 
used to differentiate between “WT-like” and “increased” scores. To 
distinguish between “decreased” and “nonsense-like” scores, we 
used a threshold at the 95th percentile of nonsense scores (0.265). 
Variants were categorized as “nonsense-like” if both their score 
and upper confidence interval were below the nonsense threshold, 
or as “possible nonsense-like” if only their score fell below the 
threshold. Out of a total of 8,480 variants, 316 were nonsense, 504 
were synonymous, and 7,660 were single amino acid variants. The 
single amino acid variants were categorized into the following 
abundance classes: 2,590 WT-like, 612 possibly WT-like, 3,146 de
creased, 437 possibly decreased, 340 possibly nonsense-like, and 
708 nonsense-like.

VAMP-seq internal validation with individual 
variants
We selected 11 variants that spanned the range of abundance 
scores for validation. Using IVA cloning site-directed mutagenesis 
(García-Nafría et al. 2016), we generated 11 CYP2C19 variants into 
the VAMP-seq recombination vector (attB-CYP2C19-eGFP-IRES- 
mCherry) via primers listed in Supplementary Table 3 (HB049 
through HB073, GB143, and GB144). Mutations were generated 
with KAPA HiFi DNA Polymerase (KAPA Biosystems KK2601) and 
40 ng of CYP2C19 template plasmid attB-CYP2C19-eGFP-IRES- 
mCherry. After completing inverse PCR for each variant, we di
gested the products with DpnI to eliminate remaining WT template, 
and used them to transform chemically competent E. coli cells (NEB 
C2987 or Bioline BIO-85027). Bacterial clones were prepped with a 
midiprep kit then validated by Sanger sequencing and whole plas
mid nanopore sequencing. We then transfected the preps into 
HEK293T-LLP-iCasp9 landing pad cells in 6-well plates with 
400,000 cells per well. In each transfection, 2.7 μg of plasmid were 
mixed with 0.300 μg of Bxb1 plasmid in 125 μL of OptiMEM and 
5 μL P3000 reagent. In a separate tube, 2.25 μL of Lipofectamine 
was added to 125 μL of OptiMEM. The tubes were then combined 
and incubated at room temperature for 15 min. After incubation, 
the Lipofectamine/DNA mixture was added to cells dropwise and 

the plates were placed in an incubator at 37°C. After 24 h, the cells 
were induced with doxycycline at a final concentration of 2.5 μg/mL, 
and at least 24 h later we selected for recombinant cells by adding 
the small molecule, AP1903, which causes inducible Caspase 9 in 
unrecombined landing pad cells to dimerize, become activated, 
and induce apoptosis.

Recombined cells were grown to full confluence and analyzed 
with a BD LSRII flow cytometer. Cells were gated for live, recom
bined singlets. We calculated a ratio of eGFP/mCherry fluorescence, 
and the geometric mean of the distribution of this ratio was 
reported. Flow cytometry data were collected with FACSDiva 
V8.0.1 (BD Biosciences) and analyzed with FlowJo V.10.8.1 
(Ashland, OR, USA). Three biological replicates of each individual 
variant were measured.

multidms analysis of CYP2C19 and 2C9 deep 
mutational scans
We used an open-source software package called multidms (Haddox 
et al. 2023) to jointly model the deep mutational scanning (DMS) data 
for the CYP2C19 and CYP2C9 (Amorosi et al. 2021) homologs, using 
the model to estimate shifts in mutational effects between homo
logs. Each DMS experiment densely sampled many of the possible 
mutations across the 2 homologs. Variants within each library 
were limited to at most 1 mutation, but nearly all variants were asso
ciated with multiple unique barcodes (Supplementary Fig. 14). The 
input data to multidms consisted of barcode-level abundance scores 
from 2 biological replicate DMS experiments for both homologs. We 
grouped these 4 raw datasets into 2 independent training datasets, 
each of which consisted of 1 replicate from each CYP2C19 and 
CYP2C9. We then separately fit multidms models to the training 
sets and found the inferred parameters (see below) were well- 
correlated between the 2 models (Supplementary Figs. 6–9).

The models were trained to minimize a loss function that includes 
2 terms: a Huber loss term that penalizes differences between pre
dicted and experimentally measured abundance scores for each bar
coded variant from each input dataset, and a lasso regularization 
term that penalizes nonzero shifts in mutational effects. For a 
given barcoded variant (v) from a given experiment (d), the model 
predicts the variant’s abundance score (yv,d) using the equation: 
yv,d = β0 + ∑m (βm + Δm,d), where β0 is the inferred abundance score 
of the CYP2C9 wild type sequence, βm is the inferred effect of muta
tion m on the protein’s abundance score in the CYP2C9 experiment, 
Δm,d is the inferred shift in the mutation’s effect in experiment d rela
tive to the CYP2C9 experiment (Δm,d is fixed to zero if d is CYP2C9), 
and where the summation term sums over all mutations m in the 
variant v relative to the CYP2C9 wild type sequence. The lasso regu
larization term is applied to the shift (Δm,d) parameters, causing 
these parameters to be zero unless nonzero values are strongly sup
ported by the data. How strongly a shift is supported by the data de
pends on factors like the magnitude of the shift and the number of 
barcoded variants with a given mutation m within each homolog’s 
DMS dataset. To determine a reasonable penalty coefficient (λ) for 
the lasso regularization term, we compared the results of seven 
model fits—each using different coefficients ranging from λ = 0, to 
λ = 5e − 4. This λ sweep was performed in duplicate using each of 
the distinct training sets, for a total of 14 model fits evaluated. 
Supplementary Fig. 8 shows summary statistics of the model fits. 
This figure emphasizes the accuracy-simplicity tradeoff for any gi
ven value of λ. For example, as λ increases, we observe higher overall 
training set loss but also increased correlation between replicate 
parameters values. We selected a penalty coefficient of λ = 1e − 5 
as a reasonable value to balance model accuracy with shift sparsity. 
The shifts in the main text are then reported as the averaged values 
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between the replicate model fits, each using the selected penalty co
efficient. See https://github.com/matsengrp/CYP-multidms for the 
code used for this analysis.

We identified positions whose mean shift value was significantly 
different from the distribution of all shift values using a randomiza
tion test. To generate a null distribution, we randomly sampled 10 
shift values, the average number of abundance scores per position, 
and calculated the mean of the shifts. This procedure was repeated 
100,000 times. We calculated P-values for each position by counting 
the number of randomly generated mean shifts more extreme than 
the position mean and dividing it by 100,000, the total number of 
randomly generated shifts. The P-values were then adjusted for re
peated hypothesis testing using the Benjamini–Hochberg method 
(Benjamini and Hochberg 1995) with a false discovery rate (FDR) 
of 5%. Positions with P-values <0.05 were considered significant.

FoldX in silico mutagenesis
Structure files for CYP2C19 (4GQS) and CYP2C9 (1OG2) were down
loaded from the PDB website (rcsb.org) and Chain A was saved sep
arately to ensure mutagenesis on a single CYP monomer. Mutations 
were generated using FoldX 5.1 (https://foldxsuite.crg.eu/). FoldX 
command Repair PDB was used to optimize total energy of protein 
to the FoldX force field prior to mutagenesis. The BuildModel com
mand was used to generate all single amino acid variants or amino 
acid swaps between each homolog, as listed in their corresponding 
individual_list.txt file. Calculations were completed 5 times for each 
variant and ΔΔG values were averaged automatically by FoldX. All 
configuration, mutation, and output files used in this study are 
available at GitHub: https://github.com/FowlerLab/cyp2c19_2c9.

Results
Multiplexed measurement of CYP2C19 variant 
abundance
We used VAMP-seq to simultaneously measure the steady-state 
abundance of CYP2C19 variants in cultured human cells (Matreyek 
et al. 2018; Amorosi et al. 2021) (Fig. 1a). VAMP-seq relies on 2 fluores
cent reporters: GFP fused to each CYP2C19 variant to read out abun
dance, and mCherry expressed via an IRES as a transcriptional 
control. Because CYP2C19 is N-terminally inserted into the ER mem
brane, we fused GFP onto the C-terminus, as we did for a previous 
VAMP-seq experiment on CYP2C9 (Amorosi et al. 2021). Expression 
of the WT CYP2C19 C-terminal GFP fusion led to strong fluorescent 
signal, and R433W, a known destabilizing CYP2C19 variant, had sub
stantially lower signal indicating that the C-terminal GFP fusion con
struct was compatible with VAMP-seq (Fig. 1b).

We introduced a barcoded library of CYP2C19 variants into 
HEK293T cells using a recombinase-based landing pad, such 
that each cell expressed only one variant (Matreyek et al. 2017, 
2020). Cells were sorted into quartile bins based on the ratio of 
GFP:mCherry fluorescence. Each bin was deeply sequenced, 
variant-associated barcodes were counted, and abundance scores 
were calculated based on weighted average of barcode frequencies 
across bins (Fig. 1a). Abundance scores were highly correlated 
between seven replicate sorting experiments arising from 3 
independent library recombinations (Supplementary Fig. 1a–d; 
Pearson’s R = 0.82–0.98). Replicate scores were averaged, filtered 
(Supplementary Fig. 2a–d) and normalized such that the median 
nonsense variant had a score of 0 and WT had a score of 1 
(Matreyek et al. 2018; Amorosi et al. 2021).

Fig. 1. Multiplexed measurement of CYP2C19 abundance. Variant assessment by massively parallel sequencing (VAMP-seq) measures variant 
abundance at scale. a) In VAMP-seq, a barcoded library fused to GFP is recombined into a genomically integrated landing pad in HEK293T cells. mCherry is 
expressed co-transcriptionally via an IRES. Unstable variants are degraded by the proteostasis machinery of the cell, resulting in lower GFP signal 
compared to WT-like variants. Flow cytometry is then used to sort cells into quartile bins according to fluorescence, bins are deeply sequenced, and 
barcode counts are used to calculate an abundance score. Figure panel modified from Amorosi et al. (2021) b) GFP:mCherry ratio for cells expressing either 
CYP2C19 WT (right) or the R433W destabilizing variant (left) (n ∼ 30,000). c) Abundance score distributions for synonymous (n = 504), nonsense (n = 316), 
and missense (n = 7,660) variants. d) GFP:mCherry ratios, measured for cells using flow cytometry, for 10 individual variants plotted against their 
VAMP-seq derived abundance scores (Pearson’s R = 0.96, n = 30,000 cells). Error bars represent the SD of abundance scores (x axis) or mean fluorescence 
(y axis). e) Number of single amino acid variants in each abundance class.
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Our final data set contained abundance scores for 8,480 of 10,290 
(82%) possible variants, of which 7,660 were missense, 316 were non
sense, and 504 were synonymous (Supplementary Table 4). 
Abundance scores of synonymous and nonsense variants were 
well separated, with the single amino acid variant distribution 
spread between nonsense and synonymous variants (Fig. 1c). 
Individually measured GFP:mCherry ratios for 10 variants spanning 
the range of abundance scores were highly correlated with 
VAMP-seq scores (Fig. 1d; Pearson’s R = 0.92; Supplementary Table 
6). We also compared our results to those from a smaller scale 
VAMP-seq experiment encompassing 121 variants (Zhang et al. 
2020) (Supplementary Fig. 3a). We used variant weighted average 
calculations, scaled from 0.25–1, to ensure consistency between da
tasets. Weighted averages are precursors to abundance scores, 
which are scaled from 0 to 1 by the median nonsense weighted aver
age (see Methods). Our results were highly consistent with the excep
tion of four variants that diverged substantially (Zhang et al. 2020) 
(Supplementary Fig. 3a, Pearson’s R = 0.74). One such variant, 
E444Q, had low representation in our library, meaning that the dis
agreement could be due to sampling error (Supplementary Fig. 3b). 
However, the remaining 3 variants were robustly sampled in our as
say (Supplementary Fig. 3b). Thus, our VAMP-seq derived abun
dance scores faithfully reproduced variant abundance. Lastly, we 
classified variants according to their abundance score relative to 
the range of scores from nonsense and synonymous variants 
(Supplementary Fig. 3b and Fig. 1c,e). The majority (58%, 4,620 var
iants) of single amino acid variants decreased abundance (Fig. 1e).

Mutational tolerance at conserved CYP2C19 
positions reflects function
We visualized the abundance scores as a variant effect map 
(Fig. 2a) and projected position-averaged scores onto the 
CYP2C19 structure (Fig. 2b). Many of the low abundance variants 
occur within α-helices and β-sheets (Fig. 2a and b), especially in 
amino acids on interior α-helix turns and in regions closer to the 
protein core (Fig. 2b).

While CYPs vary widely in sequence, key structural and function
al features are highly conserved (Hasemann et al. 1995; Mestres 
2005). However, despite this high level of conservation, the role of 
some positions in human CYPs are still poorly understood because 
some of these positions have not been studied, and others have 
only been studied in evolutionarily distant, nonhuman CYPs 
(Gricman et al. 2015). To bridge this gap, we investigated the abun
dance of variants at positions that are conserved across eukaryotic 
CYPs, defined as positions where >80% of CYPs have the same or bio
physically similar amino acids (Gricman et al. 2014). Hierarchical 
clustering of these eukaryotically conserved positions revealed five 
clusters with distinct patterns of variant abundance scores (Fig. 2c 
and Supplementary Fig. 4a). Overall, nearly all these conserved posi
tions are critical for abundance. The clusters were defined by posi
tions having similar variant effects amongst biophysically related 
amino acids (Gricman et al. 2014).

In clusters 1, 2, and 3 nearly all substitutions, except those of the 
same biophysical type, reduced abundance (Fig. 2c and
Supplementary Fig. 4a). In cluster 4, substitutions caused moderate 
loss of abundance, with no consistent pattern across all positions. 
The sole exceptions were two of the three positions where glycine 
was the WT amino acid. These positions tolerated alanine and cyst
eine substitutions suggesting that amino acid size is an important 
factor. Cluster 5 contained M136, A297, E300, T301, K322, and 
I362, all of which were substantially more tolerant of mutations 
than the other conserved sites indicating that they are critical to 
CYP2C19 function but not abundance. The combined conservation 

and tolerance of M136 and K322 can be explained by the fact that 
these positions are located on the surface of the protein and that 
they are likely to bind to the critical cofactor cytochrome P450 re
ductase (CPR), as they do in the closely related CYP2C9 (Berka 
et al. 2011; Lertkiatmongkol et al. 2013). However, amino acids 
A297, E300, T301, and I362 are buried in the hydrophobic core mak
ing their mutational tolerance more challenging to explain 
(Supplementary Fig. 4b). Positions 297 and 362 influence substrate 
specificity, and >80% eukaryotic CYPs have hydrophobic amino 
acids at these positions (Gricman et al. 2014). Surprisingly, while 
substitutions are tolerated at these positions, some hydrophobic 
substitutions elicit moderate reductions in abundance. T301 is a 
critical threonine for oxygen activation and catalysis in CYP2C19 
(Altarsha et al. 2009; Haines et al. 2001; Foti et al. 2012; Reynald 
et al. 2012) and contains hydrogen-bonding amino acids in >80% eu
karyotic CYPs, and most substitutions did not appreciably reduce 
abundance. Finally, E300 stabilizes a water network during proton 
delivery (Haines et al. 2001), and substitutions other than aspartic 
acid were tolerated at this position. To test the hypothesis that these 
positions are important for function but not abundance, we inter
sected CYP2C19 abundance scores with CYP2C9 variant activity 
scores measured with click-seq, which uses a substrate-like probe 
to assess variant effects (Amorosi et al. 2021). CYP2C9’s VAMP-seq 
and click-seq scores correlated with Pearson’s R = 0.76 (Amorosi 
et al. 2021). CYP2C19 abundance and CYP2C9 activity scores were 
similarly strongly correlated (Supplementary Fig. 4c; Pearson’s 
R = 0.682). Most variants at positions 297 and 301 reduced CYP2C9 
activity but not CYP2C19 abundance, highlighting these positions’ 
importance for binding the click-seq probe (Supplementary Fig. 
4d). At position 300, all but one variant had WT-like abundance 
whereas several variants had profoundly reduced activity, consist
ent with a functional role that does not require direct substrate 
binding (Supplementary Fig. 4d). CYP2C9 activity scores were un
available for position 362.

Thus, substitutions at nearly all conserved positions caused re
duced abundance. However, positions 136, 297, 300, 301, 322, and 
362, which participate in catalysis or cofactor binding, were large
ly tolerant of substitutions despite their location in the hydropho
bic core of CYP2C19. We speculate that this tolerance is a 
consequence of the dynamic and flexible nature of CYP active 
sites, making these positions important for catalytic activity but 
not folding and stability (Nair et al. 2016).

Comparing variant abundance effects between 
CYP2C19 and CYP2C9 reveals core-stabilizing 
regions with distinct mutational tolerance
Next, we investigated variant effect patterns in CYP2C19 compared 
to its closest homolog, CYP2C9. CYP2C19 and CYP2C9 share 92% 
protein sequence identity and nearly identical crystal structures 
(Supplementary Fig. 5, root mean square deviation [RMSD] =  
0.596 Å). However, they have important functional differences, not
ably their substrate profiles and membrane interactions (Goldstein 
and de Morais 1994; Niwa et al. 2002; Niwa and Yamazaki 2012; 
Mustafa et al. 2019). Moreover, the temperature at which they lose 
the ability to bind their heme cofactor, which reflects thermo
dynamic stability (Gumulya et al. 2018), differs by 11°C (Thomson 
2021). Thus, small differences in sequence and structure translate 
into distinct functional and phenotypic characteristics.

To understand how these functional differences arise, we sought 
to estimate how much the abundance score is shifted between the 
CYP2C19 abundance data presented here and abundance data from 
a previous VAMP-seq experiment we conducted on CYP2C9 variants 
(Amorosi et al. 2021). The combined dataset contained 4,670 
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Fig. 2. CYP2C19 variant abundance scores emphasize essential roles of conserved sites. a) Heatmap of CYP2C19 abundance scores. WT amino acids are 
represented by black dots, and missing data are shown in gray. Substituted amino acids are represented by their single letter abbreviations with “X” 
denoting a premature stop. Scores range from reduced abundance (blue) to increased (red). Secondary structure of CYP2C19 represented above the 
heatmap with α-helices shown in magenta and β-sheets shown in cyan. b) Median abundance scores for each position projected onto the CYP2C19 crystal 
structure (PDB: 4GQS). Color represents the binned median score, with missing scores represented in gray. The heme is colored by element (carbon: black, 
nitrogen: blue, oxygen: red, iron: yellow). c) Hierarchical clustering of CYP2C19 abundance score profiles by Euclidean distance at positions where >80% of 
eukaryotic CYPs had the same amino acid (orange) or >80% eukaryotic CYPs had amino acids with the same biophysical property (aromatic: light blue, 
positively charged: green, negatively charged: yellow, hydrogen bonding: dark blue, hydrophobic: pink) (Gricman et al. 2014). Cluster numbers are labeled 
at the left of the dendrogram.
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variants whose abundance was scored in both CYPs. Most variants 
had similar effects in both homologs, though a subset of variants 
had large shifts in effects (Fig. 3a, Pearson’s R = 0.77). While some 
shifts are likely due to actual biological differences, others are 
due to the noise inherent in any high-throughput experiment. 
To identify which shifts are most likely due to signal, we re- 
estimated shifts using a joint-modeling approach called mul
tidms (Haddox et al. 2023). This approach involved inferring shifts 
in variant effects between homologs, while regularizing the in
ferred shifts to drive them to be zero unless they were strongly 
supported by the abundance data from each homolog (‘see 
Methods’ for more details). We inferred shifts as the difference 
in abundance score in CYP2C19 relative to CYP2C9, such that 
positive shifts indicate a higher abundance score in CYP2C19 
and vice versa. We separately fit 2 multidms models, each 1 
trained on 1 experimental replicate per homolog, using different 
replicates per model. In fitting these models, we tested regular
ization weights ranging from 0.0 to 1e − 4, and selected 1e − 5 as 
the optimal value for subsequent analysis (Supplementary Figs. 
6–8, ‘see Methods’). The inferred shifts were well-correlated be
tween replicate model fits, despite some noise, and subsequent 
analyses report shift values averaged between the replicate fits 
(Supplementary Fig. 9). A total of 2,366 variants (50.7%) had 
nonzero-shift values meaning that they had different effects be
tween the 2 homologs, though most shifts were small (Fig. 3b and
Supplementary Fig. 10a, Supplementary Table 7).

We calculated the mean of the shift values at each position to re
veal the effect of regional and structural features (Fig. 3c and d). We 
identified positions with mean shift values that differed significant
ly from 0 using a randomization test (Supplementary Fig. 10b). The 
region with the largest mean shift values was in the K′ helix, which 
is part of a region that is both highly mobile and critical for packing 
of the hydrophobic core (Werck-Reichhart and Feyereisen 2000; 
Denisov et al. 2005) (Fig. 3c and d). In this region, mean shift values 
were negative, meaning that substitutions were more deleterious in 
CYP2C19 than in CYP2C9 (Fig. 3e and Supplementary Fig. 10a).

Overall, CYP2C19 was more mutationally tolerant than CYP2C9 
in the D, E, I, L, J, and J′ helices (Fig. 3c and d, Supplementary 
Fig. 10a), which form the majority of the hydrophobic core 
(Werck-Reichhart and Feyereisen 2000; Denisov et al. 2005). The sites 
that were most differentially tolerant in these helices were on 
portions of the helices that sit outside of the hydrophobic core. 
Conversely, CYP2C9 was more mutationally tolerant than CYP2C19 
at positions within the hydrophobic core near important sites for 
heme positioning and function (Fig. 3c). Many of these heme- 
associated positions reside within substrate recognition sites (SRSs) 
(Gotoh 1992), and CYP2C9 was more mutationally tolerant than 
CYP2C19 in SRSs relative to the other regions of the protein (Fig. 3d, 
f, and g). The mutational tolerances of positions in SRSs that were 
not heme-associated were similar between the homologs (Fig. 3g).

We also examined whether differences between CYP2C19 and 
CYP2C9 could be explained by sensitivity to variants of different 
biophysical types or by differences in the structures of the 
2 homologs. However, we found that neither homolog is more 
sensitive to particular types of substitutions (Supplementary 
Fig. 11a), and that shift values were unrelated to the distance be
tween positions in the CYP2C19 and CYP2C9 crystal structures 
(Supplementary Fig. 11b) Thus, comparison of variant effects be
tween CYP2C19 and its closest homolog CYP2C9 revealed that 
CYP2C19’s K′ helix and, to a lesser extent, heme-associated posi
tions in the hydrophobic core were more sensitive to mutation 
than CYP2C9, but that CYP2C19 was less sensitive than CYP2C9 
to substitutions in other regions flanking the hydrophobic core.

Amino acid swaps reveal homolog-specific 
constraints on abundance at sites influencing 
substrate specificity
We investigated abundance shifts at all variants comparing 
CYP2C19 and CYP2C9. However, the phenotypic differences in 
substrate recognition, membrane interaction, and thermodynam
ic stability between the 2 homologs must be driven by divergent 
sites. While most divergent sites are not localized to the catalytic 
site, some are critical for substrate specificity, regiospecificity, and 
stereospecificity (Ibeanu et al. 1996; Jung et al. 1998; Klose et al. 
1998; Lewis et al. 1998; Wada et al. 2008; Attia et al. 2014). In 
many cases, evolutionary pressures result in a protein’s reduction 
of thermodynamic stability in exchange for new functionality 
(DePristo et al. 2005). We wondered whether we could link the dif
ferences in thermodynamic stability between the homologs to 
substrate specificity by measuring the protein abundance of the 
43 divergent sites. Thus, we investigated the abundance of the 
variants that partially convert CYP2C19 to CYP2C9 and vice versa.

We had abundance scores for 33 of the 43 CYP2C19 variants that 
installed the WT CYP2C9 amino acid, (e.g. CYP2C19 → CYP2C9). For 
an exhaustive analysis, we individually measured GFP:mCherry 
fluorescence for each of the 10 CYP2C19 → CYP2C9 variants not 
present in our abundance data (Fig. 4a). All but three CYP2C19 →  
CYP2C9 substitutions were well tolerated. R261Q and L295F caused 
modest loss of abundance. Position 295 is critical for the specificity 
of CYP2C19 for S-mephenytoin and for the specificity of CYP2C9 for 
diclofenac (Tsao et al. 2001; Niwa et al. 2002) whereas R261Q has not 
been studied in either homolog. V288E caused the largest loss of 
abundance of all of the swaps and was classified as “nonsense-like” 
(Fig. 4a). Position 288 alone does not have a known functional role. 
However, positions 241, 288, and 289 together have been suggested 
to play a role in abundance and substrate specificity (Jung et al. 
1998; Klose et al. 1998; Tsao et al. 2001; Niwa et al. 2002; Attia et al. 
2014). In the CYP2C9 structure, K241 interacts electrostatically 
with E288 and hydrogen bonds with N289 to stabilize a region of 
the SRS4 in the I helix (Jung et al. 1998; Lewis et al. 1998). In 
CYP2C19, all three positions have different amino acids, E241, 
V288, and I289, and thus no electrostatic interaction between 
E241 and V288. Thus, the loss of abundance caused by V288E in 
CYP2C19 was likely to be due to the introduction of an electrostatic 
clash between E241 and V288E (Fig. 4b). Since all 3 positions con
tribute to functional differences between CYP2C19 and CYP2C9, 
we sought to understand how positions 241, 288, and 289 might 
interact to influence abundance.

First, we individually measured the abundance of single and 
double mutants at positions 241 and 288 for both CYP2C19 →  
CYP2C9 and CYP2C9 → CYP2C19 variants (Fig. 4b and c). When in
dividually measured, E241K had no effect on CYP2C19 abundance 
and V288E profoundly reduced abundance, the same effects we 
measured using VAMP-seq (Fig. 4c). Combining E241K and V288E 
partially restored CYP2C19 abundance. CYP2C9 K241E only mod
estly reduced abundance, even though this variant putatively re
sults in an electrostatic clash similar to the one that dramatically 
reduced CYP2C19 abundance. CYP2C9 E288V had no effect on 
abundance, suggesting that the native K241–E288 electrostatic 
interaction probably does not contribute appreciably to thermo
dynamic stability (Jung et al. 1998). Combining K241E and E288V 
fully restored CYP2C9 abundance (Fig. 4c). Thus, both homologs 
have a similar pattern, with installation of a second negative 
charge disrupting abundance. Elimination of 1 of the 2 negative 
charges even with variants from the other homolog restored 
abundance, although to differing degrees in each homolog.

8 | G. E. Boyle et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/228/3/iyae156/7774808 by Ann N

ez user on 10 January 2026

http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyae156#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyae156#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyae156#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyae156#supplementary-data
https://academic.oup.com/genetics/advance-article/doi/10.1093/genetics/iyae156/7774808#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyae156#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyae156#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyae156#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyae156#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyae156#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyae156#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyae156#supplementary-data


Fig. 3. Comparison of VAMP-seq mutational tolerance of CYP2C19 and CYP2C9. a) Scatterplot of 5,979 abundance scores present in CYP2C19 and our 
previous CYP2C9 VAMP-seq experiment (Amorosi et al. 2021). b) Distribution of nonzero-shift values calculated using multidms (Haddox et al. 2023). Shift 
values are shown only for variants present in both datasets. c) CYP2C19 structure (PDB: 4GQS) colored by the rolling sum of position mean shift values 
shown in d (tiled window size k = 5, color gradient −0.5 to 0.5). The heme is colored by element (carbon: black, nitrogen: blue, oxygen: red, iron: yellow), 
and PDB chemical 0XV (4-hydroxy-3,5-dimethylphenyl)(2-methyl-1-benzofuran-3-yl)methanone is shown in green. The inset box highlights the zoomed 
view of the K helix adjacent to the heme. d) Top: Secondary structure of CYP2C19 represented with α-helices shown in magenta and β-sheets shown in 
cyan. Middle: Substrate recognition regions are shown in orange, and sites that interact with the heme are shown with blue diamonds. Bottom: Scatter 
plot of the mean shift in variant abundance scores between homologs across all variants at a given position in the primary sequence. Filled dots represent 
positions that are significantly more tolerant of mutations in CYP2C19 (red) or more tolerant of mutations in CYP2C9 (blue) with false discovery rate (FDR)  
controlled P-values <0.05 using a randomization test. The rolling sum of the mean shift values is depicted by the gray line. The trends in this plot were 
highly reproducible across the two replicate model fits (Supplementary Fig. 9). e) Boxplot of variant abundance scores for CYP2C19 (blue) and CYP2C9 
(orange) across positions in the K′ helix. Dots represent variant abundance scores. f) Boxplot of shift values in SRSs with or without a heme-associated 
site. Dots represent mean shift values at each position within the substrate recognition site (SRS). g) Dot plot of mean shift values for each position 
separated by whether or not the position is in an SRS. Colors represent mean shift values that are significantly more tolerant in CYP2C19 (red), more 
tolerant in CYP2C9 (blue), or are not significantly different (gray) by randomization test.
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Fig. 4. Abundance of CYP2C19 to CYP2C9 WT amino acid swaps. a) Dot plot of CYP2C19 abundance scores at positions that differ between CYP2C19 and 
2C9. Each variant represents the abundance of CYP2C19 with the CYP2C9 WT amino acid installed. The WT amino acids for CYP2C19 and CYP2C9 are 
shown above and below the position. Dots are colored by CYP2C19 abundance classification as shown in the legend. Circles represent abundance scores 
derived from the VAMP-seq, and squares are individual GFP/mCherry fluorescence measurements normalized to CYP2C19 WT. Error bars show the SD of 
VAMP-seq abundance scores or the SD of the geometric means of GFP/mCherry fluorescence across 3–4 technical replicates (n = 50,000 cells per 
experiment). All points have error bars, but some are smaller than the points. b) CYP2C19 (PDB: 4GQS) and CYP2C9 (PDB: 1OG2) crystal structures. 
Positions 241 and 288 are shown as sticks and elements are colored (carbon: black, nitrogen: blue, oxygen: red). c) Bar plot of individually measured GFP/ 
mCherry fluorescence for CYP2C19 (blue) and CYP2C9 (orange) variants. Each sample represents the geometric mean of GFP/mCherry fluorescence. Error 
bars show the SD across 3–4 technical replicates (n = >50,000 cells per experiment). Fluorescence of each variant is normalized to its respective WT CYP. 
d) Dot plot showing FoldX predicted ΔΔG values for CYP2C19 → CYP2C9 (left) and CYP2C9 → CYP2C19 (right) amino acid swaps. The dotted line represents 
the predicted ΔΔG at 0.5 abundance for CYP2C19 (2.96 kcal/mol) and CYP2C9 (2.70 kcal/mol) based on a linear model fit to predicted ΔΔG ∼ abundance 
score for all single amino acid variants in each homolog. Color denotes whether the predicted ΔΔG value was negative (stabilizing), positive and below the 
predicted ΔΔG value at 0.5 abundance (destabilizing) or above ΔΔG at 0.5 abundance (severely destabilizing).
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Next, to incorporate position 289 into our analysis, we mea
sured the abundance of the CYP2C19 → CYP2C9 and CYP2C9 →  
CYP2C19 241, 288, 289 triple mutants (Fig. 4c). The CYP2C19 →  
CYP2C9 triple mutant had a modestly reduced abundance relative 
to CYP2C19 WT, largely restoring the low abundance of the E241K, 
V288E double mutant. The CYP2C9 → CYP2C19 triple mutant had 
an abundance equivalent to CYP2C9 WT and to each of the 2 dou
ble mutants. Notably, none of the CYP2C9 → CYP2C19 swaps in
creased abundance. Thus, the interaction between these 3 
positions is complex and would require direct measurements of 
thermodynamic stability to fully elucidate.

To shed light on how our measurements of steady-state abun
dance relate to predicted protein stability, we employed FoldX to cal
culate Gibbs free energy (ΔΔG) of single amino acid variants relative 
to WT in CYP2C19 and CYP2C9 (Delgado et al. 2019; Schymkowitz 
et al. 2005). Then, we compared each variant’s predicted ΔΔG to its 
corresponding abundance score (Supplementary Fig. 12; CYP2C19 
Pearson’s R = −0.46, CYP2C9 Pearson’s R = −0.42). While modest, 
the correlations between predicted ΔΔG values and abundance 
scores were similar to other comparisons of in silico predicted and ex
perimentally determined variant effects (Gerasimavicius et al. 2023). 
Next, we fit linear regression models and used each model to predict 
ΔΔG at an abundance score of 0.5 for CYP2C19 and CYP2C9 
(Supplementary Fig. 12). Both values were similar (CYP2C19: 
2.96 kcal/mol, CYP2C9: 2.70 kcal/mol; Supplementary Fig. 12a and 
b), making it difficult to draw general conclusions about each pro
tein’s thermodynamic stability, given the modest correlation be
tween predicted ΔΔGs and measured abundances.

Next, we used FoldX ΔΔGs of CYP2C19 → CYP2C9 and CYP2C9 →  
CYP2C19 swaps to investigate the interaction of positions 241, 288, 
and 289 in CYP2C19 vs CYP2C9 (Fig. 4d). The pattern of predicted 
ΔΔG values was similar to the CYP2C19 → CYP2C9 variant abun
dance scores (Fig. 4c and d, left panels). The abundance scores of 
V288E-I289N and E241K-V288E-I289N were reduced, but not as se
verely as predicted by ΔΔG (Fig. 4c and d, left panels). However, the 
pattern of predicted ΔΔG values was not similar to the CYP2C9 →  
CYP2C19 variant abundance scores. Here, the ΔΔG values of the 
single amino acid swaps and the K241E–N289I double mutant 
were in agreement with abundance scores (Fig. 4c and d, right pa
nels), but the remaining double and triple mutants had highly de
stabilizing ΔΔG predictions despite WT-like abundance scores 
(Fig. 4c and d, right panels). These results could arise from inaccur
acies in the FoldX predictions or they may suggest that CYP2C9 can 
confirmationally accommodate the sterically unfavorable interac
tions introduced by the CYP2C9 → CYP2C19 swaps. Thus, while our 
analysis did not reveal a clear explanation for the structural role of 
this region in each homolog, the sequence changes in this region of 
the protein seem likely to contribute to the thermodynamic stabil
ity of CYP2C9 and CYP2C19.

Annotating human CYP2C19 variants
CYP2C19 variants can increase, decrease, or eliminate an indivi
dual’s ability to metabolize many important drugs, and knowing 
variant function can help avoid severe and expensive adverse events 
(Lazarou et al. 1998; de Vries et al. 2008; Sultana et al. 2013; Goulding 
et al. 2015; Schmiedl et al. 2018). For example, the antiplatelet drug 
clopidogrel is activated by CYP2C19. Thus, individuals with deleteri
ous CYP2C19 variants experience reduced or nonexistent benefit 
from clopidogrel, requiring higher doses or alternative drugs. 
Genetic testing for CYP2C19 variants prior to clopidogrel treatment 
is important for avoiding major adverse cardiovascular events 
(Galli et al. 2021; Pereira et al. 2021). PharmVar is a repository for phar
macogene allelic variation and functional information, including 

CYP2C19. Alleles in PharmVar are known as “star alleles,” and anno
tated using star notation (Sim and Ingelman-Sundberg 2010). For ex
ample, CYP2C19*5 refers to R433W. Despite decades of study, 10 of 
the 39 CYP2C19 star alleles are of uncertain function. Thus, we 
analyzed the functional effects of CYP2C19 alleles in PharmVar 
(Supplementary Table 5). All four PharmVar “normal function” al
leles had WT-like abundance scores (Fig. 5a). Of the 8 “decreased” 
and “no function” alleles, 6 were low abundance. The remaining 2 
decreased/no function alleles, CYP2C19*6 and CYP2C19*9, were 
WT-like in abundance. PharmVar lists the CYP2C19*6 allele 
(R132Q) as “no function” with “definitive” evidence; however, we 
measured a WT-like abundance score of 1.06 (95% CI 1.09–1.03). 
This strongly suggests that the CYP2C19*6 allele’s loss of function re
sults from disrupted enzymatic activity rather than loss of abun
dance. Consistent with this interpretation, the CYP2C19*6 allele is 
intact enough to bind its heme cofactor but has a decreased ability 
to metabolize substrates and disrupted electron flow from CPR 
(Ibeanu et al. 1998; Derayea et al. 2020). Allele CYP2C19*9 (R144H) 
had an abundance score of 0.914 (95% CI 0.956–0.872). Consistent 
with these results, CYP2C19*9 has WT-like affinity for CPR 
(Blaisdell et al. 2002), suggesting that it is at least partially folded. 
However, our abundance results conflict with another, smaller scale 
VAMP-seq experiment in which CYP2C19*9 was identified as “de
creased” abundance (Zhang et al. 2020) with <∼50% of WT abun
dance. We therefore individually validated this variant and 
reaffirmed its WT-like abundance in our hands (Supplementary 
Fig. 13). In light of the moderately reduced activity of CYP2C19*9 
against mephenytoin, its ability to bind CPR normally, and WT- 
like abundance in our assay, we suggest that, like CYP2C19*6, 
CYP2C19*9 has normal abundance but decreased catalytic activity. 
Overall, 6 of the 8 known loss of function alleles had reduced abun
dance, and all normal function alleles had WT-like abundance. 
While variants with WT-like abundance could have low or no func
tion, reflecting the many ways function can be compromised, low 
abundance variants were always low or no function alleles. Thus, 
abundance is a powerful method for identifying loss of function var
iants. Of the 10 PharmVar alleles with uncertain function, 4 were pre
sent in our VAMP-seq library, and we found that CYP2C19*30 and 
CYP2C19*23 had decreased abundance strongly suggesting that 
they would disrupt drug metabolism (Fig. 5a).

As sequencing and genetic testing are more widely deployed, rare 
variants with unknown clinical consequences are being identified at 
an exponentially increasing rate (Fayer et al. 2021). Reflecting this real
ity, the annotated alleles in the PharmVar database are only a fraction 
of all of the CYP2C19 variants discovered so far. There are 408 unique 
CYP2C19 single amino acid variants in the exome database gnomAD 
v2.1, 390 of which have no CPIC annotation or functional information. 
We annotated 368 (90.2%) of the variants in gnomAD v2.1 (Fig. 5b) and 
identified 131 (35.6%) variants with “decreased” abundance and 29 
(7.88%) with “nonsense-like” or “possibly nonsense-like” abundance 
relative to WT, strongly suggesting that these variants have de
creased or no function. We annotated 210 (57.0%) variants as 
“WT-like” or “possibly WT-like,” indicating that these variants may 
have normal function. However, assessment of enzymatic activity 
would be needed to definitively determine if these “WT-like” or “pos
sibly WT-like” variants have normal function since variants can elim
inate activity without affecting protein stability. These results are 
broadly consistent with a study that genotyped 2.29 million partici
pants for CYP2C19*2, CYP2C19*3, and CYP2C19*17 alleles. The study 
discovered that CYP2C19*2 was present in 15.2%, CYP2C19*3 in 
0.3%, and CYP2C19*17 in 20.4% of individuals, and nearly 60% had 
at least 1 of these star alleles (Ionova et al. 2020). Thus, CYP2C19 var
iants with reduced abundance appear common in the population.
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Discussion
The CYP family tree spans all animal kingdoms and comprises an 
exceptionally versatile set of enzymes. Understanding the pheno
typic consequences of natural variation in human CYPs is particu
larly important since they catalyze the metabolism of most drugs 
currently in use. However, even closely related CYPs, like CYP2C19 
and CYP2C9, are functionally distinct, and the underlying causes 
of these distinctions are largely unknown. We used VAMP-seq to 
measure the abundance of 7,660 CYP2C19 single amino acid var
iants. In addition to confirming positions known to be critical for 
CYPs structure and function, we revealed that variants at 4 con
served positions in the hydrophobic core do not impact CYP2C19 
abundance. By jointly analyzing 4,670 shared CYP2C19 and 
CYP2C9 abundance scores, we discovered regions where the 2 
homologs have different mutational tolerances. CYP2C9 has a 
more tolerant hydrophobic core, whereas CYP2C19 is more toler
ant in regions surrounding the core. We measured the abundance 
of WT amino acid swaps between CYP2C19 and CYP2C9, discover
ing a region likely responsible for at least some of the thermo
dynamic stability difference between the homologs. Finally, our 
abundance scores identify known reduced activity CYP2C19 var
iants with high fidelity, and indicates that 2 star alleles of un
known function, CYP2C19*30 and CYP2C19*23, are likely to have 
reduced abundance. We also evaluated 368 of the 408 human 
CYP2C19 variants with no prior annotation. Notably, 43% of these 
variants are low abundance, warranting follow-up studies to 
measure their impacts on drug metabolism.

Of the 58 positions conserved across eukaryotic CYPs, 52 had 
more than 65% reduced abundance variants when substituted 
with amino acids of a different biophysical type. The remaining 
6 were surprisingly mutationally tolerant. The conservation and 
tolerance of positions 136 and 322 can be explained by their loca
tion on the surface of the protein and are likely involved in binding 

cofactor CPR, as they do in the closely related CYP2C9 (Berka et al. 
2011; Lertkiatmongkol et al. 2013). However, positions, 297, 300, 
301, and 362, were tolerant to mutations despite being in the 
hydrophobic core where mutations are nearly always deleterious. 
These positions impact substrate specificity of many drugs in 
CYP2C9 including warfarin, flurbiprofen, and acetaminophen, 
and positions 297 and 301 have low mutational tolerance as mea
sured by click-seq (Polgár et al. 2007; Peng et al. 2008; Reynald et al. 
2012; Amorosi et al. 2021). The significance of these positions in 
CYP2C19 lies not only in their impact on substrate specificity 
but also in their specialized role, as they primarily influence spe
cific functions rather than overall protein abundance.

We also jointly analyzed CYP2C19 and CYP2C9 (Amorosi et al. 
2021) abundance scans using multidms (Haddox et al. 2023) to find 
variants with different abundances. Variants in the K′-helix reduced 
abundance in CYP2C19 but were tolerated in CYP2C9, suggesting a 
markedly different mutational tolerance of K′ in the enzymes des
pite having identical WT amino acids. Moreover, CYP2C9 had a 
more tolerant hydrophobic core than CYP2C19, especially in SRSs 
that contain heme-associated positions. The higher mutational tol
erance of CYP2C9 in its core may indicate more flexibility. We specu
late that, since the flexibility of CYP active sites is correlated with its 
promiscuity (Skopalík et al. 2008; Nair et al. 2016), this may allow 
CYP2C9 to bind more substrates (Wishart et al. 2018).

Variants capable of imparting novel function, like those that al
ter substrate specificity, often reduce thermodynamic stability 
(DePristo et al. 2005). To determine if the altered substrate profile 
and lower thermodynamic stability of CYP2C9 relative to CYP2C19 
(Thomson 2021) constituted such a tradeoff, we analyzed the 43 
divergent positions between CYP2C19 and CYP2C9. We found 
that positions 241, 288, and 289 are a likely locus of such a 
tradeoff because these 3 positions impact substrate specificity 
(Jung et al. 1998; Klose et al. 1998; Attia et al. 2014), and they are 

Fig. 5. CYP2C19 abundance scores for variants found in humans. a) Scatter plot of CYP2C19 abundance scores of star (*) alleles with clinical functional 
status according to the CPIC database (accessed 18 May 2022) (Supplementary Table 5). Dots are colored by abundance score classification and labeled by 
their star allele designation. b) Bar plot representing abundance score classification of single amino acid variants in gnomAD v2.1 (accessed 18 May 2022).
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also adjacent in the structure of both enzymes. Position 288 was 
the only position in CYP2C19 where installing the CYP2C9 amino 
acid caused profound loss of abundance, and combining it with 
swaps at 241 and 289 revealed that these sites have distinct inter
actions in each homolog. Thus, we hypothesize that these positions 
are partially responsible for the difference in thermodynamic sta
bility. The CYP2C19 V288E substitution likely causes loss of abun
dance because it places a negative charge adjacent to E241, 
reflected by its high predicted ΔΔG. Likewise, CYP2C9 K241E intro
duces the same opposing negative charge adjacent to E288, in
creasing its predicted ΔΔG and reducing its abundance. This 
pattern of destabilization and loss of abundance suggests that 
CYP2C9 may have evolved from CYP2C19. This is because 
CYP2C9 is the only enzyme in the family that has a negatively 
charged amino acid at 288, meaning that the ancestral sequence 
had valine at position 288 (Lewis et al. 1998). Thus, the ancestral 
CYP2C9 likely acquired E241K or I289N first, both of which partially 
ameliorate the loss of abundance induced by V288E. We did not 
find that any combination of swaps at these 3 positions could fully 
restore CYP2C19 V288E abundance. One possibility is that swaps at 
other sites, which by themselves do not affect CYP2C19 abun
dance, could fully rescue V288E. However, the reduced abundance 
of the CYP2C19 E241K-V288E-I289N variant is in line with the re
duced thermodynamic stability of CYP2C9 (Thomson 2021). The 
new substrate binding capabilities of CYP2C9 apparently made 
this loss of thermodynamic stability evolutionarily tolerable.

Our interpretation of the evolutionary substrate specificity- 
abundance tradeoff suggested by our study is partially based on the 
homologs having different thermodynamic stabilities (Thomson 
2021). However, some of our findings are inconsistent with 
CYP2C19 having a higher thermodynamic stability. Higher thermo
dynamic stability often confers increased mutational tolerance 
(Tokuriki and Tawfik 2009; Hormoz 2013; Starr and Thornton 2016). 
In our multidms analysis, we found that the same variants were 
more deleterious in CYP2C19 than in CYP2C9. Moreover, our in silico 
analysis suggested that both proteins had similar thermodynamic 
stabilities. Since the thermodynamic stability difference between 
CYP2C19 and CYP2C9 was measured in bacteria and required small 
alterations in amino acid sequence for expression, it is possible that 
the finding does not apply to WT CYP2C19 and CYP2C9 expressed 
in mammalian cells (Thomson 2021). Measurements of the thermo
dynamic stability of CYP2C19 and CYP2C9 in their native cellular con
text will be required to definitively resolve these conflicting results.

In the gnomAD v2.1 database, 408 single amino acid variants 
with no prior clinical annotation were identified in the population. 
We produced abundance scores for 368 of these variants, finding 
that 43% had reduced abundance. Since CYP abundance is rarely 
measured in clinical studies, determining precise abundance score 
thresholds that cause an observable phenotype in patients is not yet 
possible. The large proportion of reduced abundance variants we 
identified among single amino acid variants in gnomAD highlights 
the need for population-level studies that relate CYP2C19 abun
dance to clinical phenotypes.

Importantly, our VAMP-seq derived abundance data have limita
tions. First, VAMP-seq has limited resolution for detecting increased 
abundance variants. Since our analysis focused on detecting dele
terious variant effects, we designed our FACS gating using a quartile 
scheme. As a result, variants with increased abundance may have 
been grouped with WT-like variants in the highest fluorescence 
bins. Moreover, variants that increased stability in the already- 
stable CYP2C19 protein may not have produced an increase in its 
abundance. Thus, we cannot make conclusions about the lack of 
variants with increased abundance in our findings.

Other limitations to VAMP-seq arise from the expression system 
itself. First, the abundance of each variant arises from the balance 
between protein synthesis and degradation driven by cellular pro
tein quality control systems. All variants are expressed transgeni
cally from an inducible promoter, and an mCherry reporter 
expressed via an IRES is used to control for cell-to-cell variation in ex
pression. Thus, VAMP-seq derived abundance scores largely reflect 
changes in degradation which are, in turn, generally driven by 
stability-related changes in protein folding (Matreyek et al. 2018; 
Suiter et al. 2020; Zutz et al. 2021; Christensen et al. 2023). VAMP-seq 
derived abundance scores have a linear relationship to protein abun
dance measured by western blot (Matreyek et al. 2018; Chiasson et al. 
2020). However, abundance changes can result from other mechan
isms such as changes to degron sequences or protein localization. 
Moreover, since we analyzed single amino acid variants, we did 
not investigate abundance changes caused across codons encod
ing the same synonymous, nonsense, or missense variant. As a 
result, some features of our dataset are confusing. For example, 
the synonymous variant distribution in VAMP-seq experiments 
sometimes has median abundance slightly different than WT, 
perhaps due to the effect of codon optimality (Angov 2011; 
Al-Hawash et al. 2017; Matreyek et al. 2018; Chiasson et al. 2020; 
Liu et al. 2021). Another unexpected feature is that some non
sense variants at the C-terminus of CYP2C19 have profound but 
incomplete loss of GFP signal. This is puzzling since GFP is down
stream of CYP2C19 in our construct. Alternate start sites or tran
scriptional readthrough may have driven low, but detectable, 
GFP expression in these nonsense variants (Reyes and Huber 
2018; Caldas et al. 2024). Second, we expressed the CYP2C19 
cDNA from an inducible promoter, meaning we cannot detect 
variants that induce splicing defects or affect transcriptional 
regulation. Third, variants can affect function without affecting 
abundance. For example, variants may disrupt a critical sub
strate binding position or prohibit binding to critical cofactors 
like CPR or cytochrome b5. Therefore, while variants that we iden
tified with reduced abundance are likely to alter drug metabol
ism, variants with WT-like abundance may not necessarily 
have normal function. Finally, the VAMP-seq assay depends on 
fluorescent reporters and fluorescence activated cell sorting. As 
a result, subtle changes in abundance are difficult to discern.

In the future, we envision intersecting mutational scans from 
important CYPs in other subfamilies such as CYP2D6 and 
CYP3A4. Since multidms is capable of jointly analyzing more 
than two scans, it will be a powerful tool to compare mutational 
effects across additional CYPs, helping us understand the extent 
to which variant effects are conserved across the family. In 
addition to improving personalized drug dosing, such compre
hensive profiling could expand our overall understanding of 
CYP function.

Data availability
The accession number for the sequencing data reported in this 
article is NCBI GEO: GSE244489. The CYP2C19 VAMP-seq abun
dance score sets are available on MaveDB under accession num
ber: urn:mavedb:00001199-a. The CYP2C9 VAMP-seq abundance 
score sets are available on MaveDB under accession number: 
urn:mavedb:00000095-b. Code and processed variant scores 
generated during this study are available at GitHub: https:// 
github.com/FowlerLab/cyp2c19_2c9. multidms analyses and 
data are available at GitHub: https://github.com/matsengrp/ 
CYP-multidms.

Supplemental material available at GENETICS online.
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