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ABSTRACT

Tenofovir (TFV) is a key component of human immunodeficiency
virus (HIV) pre-exposure prophylaxis (PrEP). TFV is a nucleotide
analog reverse-transcriptase inhibitor prodrug that requires two
separate phosphorylation reactions by intracellular kinases to form
the active metabolite tenofovir-diphosphate (TFV-DP). Muscle-type
creatine kinase (CKM) has previously been demonstrated to be the
kinase most responsible for the phosphorylation of tenofovir-mono-
phosphate (TFV-MP) to the active metabolite in colon tissue.
Because of the importance of CKM in TFV activation, genetic varia-
tion in CKM may contribute to interindividual variability in TFV-DP
levels. In the present study, we report 10 naturally occurring CKM
mutations that reduced TFV-MP phosphorylation in vitro: T35l,
R43Q, 192M, HI7Y, R130H, R132C, F169L, Y173C, W211R,
V280L, and N286l. Interestingly, of these 10, only 4—R130H,
R132C, W211R, and N286l—reduced both canonical CKM activi-
ties: ADP phosphorylation and ATP dephosphorylation. Although
positions 130, 132, and 286 are located in the active site, the other
mutations that resulted in decreased TFV-MP phosphorylation
occur elsewhere in the protein structure. Four of these eight

mutations—T35I, R43Q, 192M, and W211R—were found to
decrease the thermal stability of the protein. Additionally, the
W211R mutation was found to impact protein structure both locally
and at a distance. These data suggest a substrate-specific effect
such that certain mutations are tolerated for canonical activities
while being deleterious toward the pharmacological activity of TFV
activation, which could influence PrEP outcomes.

SIGNIFICANCE STATEMENT

Muscle-type creatine kinase (CKM) is important to the activa-
tion of tenofovir, a key component of HIV prophylaxis. This
study demonstrates that naturally occurring CKM mutations
impact enzyme function in a substrate-dependent manner
such that some mutations that do not reduce canonical activi-
ties lead to reductions in the pharmacologically relevant activ-
ity. This finding at the intersection of drug metabolism and
energy metabolism is important to the perspective on pharma-
cology of other drugs acted on by atypical drug-metabolizing
enzymes.

Introduction

The global rate of new HIV infections per year has been declin-
ing for the last 20 years, and mortality has decreased over the
last 15 years (GBD 2017 HIV collaborators, 2019). Still, it is esti-
mated that 1.7 million people became newly infected and
690,000 AIDS-related deaths occurred in 2019 (Joint United
Nations Program on HIV/AIDS, 2020). A more recent advance-
ment, HIV pre-exposure prophylaxis (PrEP), has been demon-
strated to reduce someone’s risk of acquiring HIV (Baeten et al.,
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2012; Thigpen et al., 2012; Choopanya et al., 2013; McCormack
et al., 2016). Currently, there are two Food and Drug Adminis-
tration—approved PrEP regimens—both composed of emtricita-
bine in combination with a prodrug of tenofovir (TFV). Tenofovir
is a key component of PrEP and has been shown to be effective
as a single-drug regimen (Baeten et al., 2012; Choopanya et al.,
2013; Chou et al., 2019). Thus, TFV has been a focal point for
the development of new PrEP strategies, such as topical gels,
subdermal implants, and long-acting formulations (Anton et al.,
2012; Gunawardana et al., 2015; Mandal et al., 2019).

Although PrEP has been demonstrated to reduce the risk
of HIV infection, some people on PrEP still become infected
with HIV (Baeten et al., 2012; Van Damme et al., 2012; Mar-
razzo et al., 2015). Clinical trials have demonstrated that
lack of adherence is the likely cause of many instances of
PrEP failure, as people with lower plasma TFV levels achieve
lower rates of protection from HIV (Grant et al., 2010; Baeten
et al., 2012; Thigpen et al., 2012; Choopanya et al., 2013).

ABBREVIATIONS: Arb, arbitrary units; BME, -mercaptoethanol; CKM, muscle-type creatine kinase; dd-MS2, data-dependent; DMHA, N, N-
dimethylhexylamine; DTT, dithioerythritol; HDX-MS, hydrogen-deuterium exchange mass spectrometry; HIV, human immunodeficiency virus;
MS/MS, tandem mass spectrometry; MS/MST,,,, melting temperature; PCR, polymerase chain reaction; PDB, Protein Data Bank; PrEP, pre-
exposure prophylaxis; TFV, tenofovir; TFV-DP, TFV-diphosphate; TFV-MP, TFV-monophosphate; uHPLC-MS/MS, ultra-high performance lig-

uid chromatography MS/MS; WT, wild type.
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However, even high-adherence subgroups do not achieve
100% protection (Grant et al., 2010; Baeten et al., 2012).

TFV is a prodrug that must be phosphorylated twice by
intracellular kinases to become the active TFV-diphosphate
(TFV-DP) metabolite. The effectiveness of PrEP relies on act-
ing as a barrier, as intracellular TFV-DP levels in colon tis-
sue, a potential site of exposure, correlate with HIV
protection (Richardson-Harman et al., 2014). In addition to
variability of plasma TFV, variability in mucosal tissue TFV-
DP has also been observed (Anderson et al., 2012; Louissaint
et al., 2013). TFV activation is carried out by different kin-
ases in different tissues (Lade et al., 2015). In colon tissue,
adenylate kinase 2 performs the first phosphorylation reac-
tion, converting TFV to TFV-monophosphate (TFV-MP). The
second phosphorylation step is primarily performed by mus-
cle-type creatine kinase (CKM). It is possible that person-to-
person differences in the activity of these kinases are respon-
sible for the observed TFV-DP variability. Multiple studies
have reported on genetic variation in these three kinases in
people receiving PrEP (Lade et al., 2015; Figueroa et al.,
2018a,b). The discovery of naturally occurring mutations to
the kinases important to TFV activation may lead to a more
personalized approach to PrEP.

Creatine kinase enzymes are important to cellular energy
metabolism, as they buffer intracellular ATP concentrations
by storing and using high-energy phosphate species in the
form of phosphocreatine (Wallimann et al., 1992, 2011). In
addition to the Lade primary tissue study, Varga and Koch
also demonstrated that CKM can catalyze TFV-MP phos-
phorylation in vitro (Koch et al., 2009; Varga et al., 2013;
Lade et al., 2015). Three previous studies of the genetic vari-
ation of TFV-activating kinases in HIV prevention clinical
trial participants found 31 mutations predicted by in silico
tools to be damaging to CKM function (Lade et al., 2015;
Figueroa et al., 2018a,b). It is possible that variability in
CKM function due to genetics may influence TFV-DP forma-
tion in colon tissue, which may impact the efficacy of TFV-
based PrEP.

In this work, we determine the impact of naturally occur-
ring mutations on the ability of CKM to phosphorylate TFV-
MP to TFV-DP in vitro. The effect of these mutations on the
canonical functions of the enzyme and protein stability and
structure were further studied. It was found that several nat-
urally occurring CKM mutations decreased enzyme function,
although a substrate-specific effect was observed. Some
mutations that decreased TFV-MP phosphorylation did not
decrease activity toward endogenous substrates. Interest-
ingly, four mutations reduced all activities. Three of these
mutations are to active-site positions implicated in ligand
binding. The other mutation, W211R, is outside of the active
site and likely impacts the stability and structure of the pro-
tein. We have demonstrated that naturally occurring muta-
tions to CKM lead to decreased TFV-MP phosphorylation
in vitro. Importantly, the substrate-dependent effect of these
mutations reveals that reduced canonical activity is not suffi-
cient to predict decreased pharmacologically relevant activity
for an atypical drug-metabolizing enzyme, such as CKM.

Materials and Methods

Materials/Chemicals. TFV-MP and TFV-DP were purchased
from Toronto Research Chemicals, Inc. (North York, ON, Canada).
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Solvents used were high-performance liquid chromatography—grade
and purchased from Fisher Scientific (Hampton, NH). Other
reagents used were reagent-grade and purchased from Sigma-
Aldrich (St. Louis, MO) unless otherwise specified.

Cloning and Site-Directed Mutagenesis. Human muscle-type
creatine kinase cDNA (OriGene, Rockville, MD) was inserted into a
pET-30a vector (Sigma-Aldrich, St. Louis, MO) by polymerase incom-
plete primer extension cloning such that the expressed product pos-
sesses an N-terminal His-tag (Klock et al., 2008). Site-directed
mutagenesis was performed using the QuikChange Lightning site-
directed mutagenesis kit (Agilent, Santa Clara, CA) following the
manufacturer’s instructions. The sequences of the primers used,
which were purchased from Integrated DNA Technologies (Coral-
ville, IA), are provided in Supplemental Table 1. Fifteen mutations
found in the sequencing data from the aforementioned sequencing
studies were selected, with a priority for the mutations predicted to
likely be damaging to enzyme function by SIFT and PolyPhen predic-
tion tools (Ng and Henikoff, 2001; Adzhubei et al., 2010; Lade et al.,
2015; Figueroa et al., 2018a,b). Those predicted to decrease enzyme
activity were T35I, T52N, 192M, H97Y, R130H, R132C, Y173C,
W211R, F250S, N274Y, N286I, and L317M. Additionally, three
mutations predicted to be benign were also included: R43Q, F169L,
and V280L. Sequences of constructs were confirmed by Sanger DNA
sequencing.

Recombinant Protein Expression and Purification. Plas-
mids were transformed into BL21 (DE3) pLysS competent Escheri-
chia coli (Agilent, Santa Clara, CA). Cultures were grown in 1 1
Luria Broth containing 50 pg/ml kanamycin at 37°C with shaking
for 2 hours, cooled to 4°C without shaking for 1 hour, and then
induced with 200 pM isopropyl p-pD-1-thiogalactopyranoside and
grown for 16 hours at 4°C with shaking. After growth, cells were pel-
leted by centrifugation at 5000 x g.

Bacterial pellets were resuspended in a 50 mM HEPES buffer at a
pH of 7.3 containing 150 mM NaCl, 5% glycerol (v/v), 2 mM f-mer-
captoethanol (BME), and 1X-EDTA-free protease inhibitor cocktail
(Sigma-Aldrich, St. Louis, MO). Cells were then lysed by three
passes through a microfluidizer (LM-10, Microfluidics, Westwood,
MA). Cell debris was pelleted by centrifugation at 20,000 x g at 4°C.
Lysate supernatant was subsequently mixed with cobalt resin
(Takara, Mountain View, CA) for 1 hour at 4°C. The lysate/resin mix-
ture was then loaded onto gravity flow columns (BioRad, Hercules,
CA), and unbound lysate contents were removed. The resin was then
washed with 20 column volumes of low- and high-salt wash buffers
(50 mM HEPES, pH 7.3, 150 mM NaCl, 5 mM imidazole, 5% glyc-
erol, and 2 mM BME and 50 mM HEPES, pH 7.3, 1 M NaCl, 5 mM
imidazole, 5% glycerol, 2 mM BME, respectively). His-tagged CKM
was eluted via stepwise addition of four column volumes of elution
buffer (50 mM HEPES, pH 7.3, 150 mM NaCl, 5% glycerol, 2 mM
BME) containing increasing concentrations of imidazole (10 mM to
500 mM). After purification, CKM proteins were buffer-exchanged
into storage buffer (20 mM HEPES, pH 7.3, 150 mM KCl, 5% glyc-
erol, 2 mM BME) and concentrated using a 30-kDa MWCO centrifu-
gal filter (Sigma-Aldrich, St. Louis, MO) and frozen and stored at
—80°C. Total protein yield ranged from 4-16 mg per liter of culture.
Protein concentration was determined by absorbance at a wave-
length of 280 nm using a Take3 microvolume plate in a plate reader
(BioTek Synergy HT, BioTek Instruments, Inc., Winooski, VT) and
an extinction coefficient of 36747 M lem™! determined using the
ProtParam tool (Gasteiger et al., 2003). SDS-PAGE was performed
to verify purity of the products (85%-95% purity by gel densitome-
try). The identity of purified wild-type (WT) CKM was validated by
Western blot using a CKM-specific antibody (Proteintech, Rosemont,
IL).

TFV-MP Phosphorylation Assay. Reactions were performed at
a final volume of 200 pl under the following buffer conditions: 75 mM
HEPES, pH 7.5, 50 mM KCl, 5 mM MgCly,, 2 mM dithioerythritol
(DTT), 500 nM protein, and 100 pM TFV-MP. The 100 uM TFV-MP
concentration was chosen to perform the assay under saturating


http://molpharm.aspetjournals.org/lookup/suppl/doi:10.1124/molpharm.121.000348/-/DC1

590

Mosher et al.

conditions and minimize the reverse reaction. Solutions were pre-
warmed at 37°C for 5 minutes prior to initiation by the addition of
phosphocreatine to a final concentration of 500 uM. After 30 minutes
of incubation at 37°C, reactions were quenched via direct addition of
1 ml of ice-cold methanol followed by brief vortex mixing and incuba-
tion on ice for 10 minutes. Reactions were centrifuged at 10,000 rpm
and 4°C for 10 minutes. The resulting supernatants were removed
and dried by vacuum centrifugation (Eppendorf, Hamburg, Ger-
many). Control reactions were performed in parallel by omitting the
addition of phosphocreatine. All reactions and controls were per-
formed in triplicate.

Resulting TFV-DP formation was measured by ultra-high perfor-
mance liquid chromatography tandem mass spectrometry (uHPLC-
MS/MS). Dried samples were reconstituted in 30 pl 5 mM N,N-dime-
thylhexylamine (DMHA) in water, pH 7.0. Samples were subsequently
analyzed on a Dionex Ultimate 3000 uHPLC (Thermo Fisher Scien-
tific, Bremen, Germany) coupled to a TSQ Vantage triple quadrupole
mass spectrometer (Thermo Fisher Scientific, Bremen, Germany).
Mobile phase A was 5 mM DMHA in water at pH 7.0, and mobile
phase B was 5 mM DMHA in 50% acetonitrile/50% water (v/v). Analy-
tes were separated on a Halo C18 column (2.1 mm x 100 mm, 2.1 pm,
Mac-Mod Analytical — Chadds Ford, PA) at a flow rate of 0.45 ml/min
using the following gradient: 5% B from 0 to 1 minutes, 5%—45% B
from 1 to 9 minutes, 45% B from 9 to 13 minutes, 45%—-100% B from
13 to 15 minutes, 100% B from 15 to 20 minutes, 100%—5% B from 20
to 23 minutes, and 5% B from 23 to 30 minutes. Analytes were ionized
by heated electrospray ionization with a spray voltage of 5000 V, capil-
lary temperature of 381°C, sheath gas flow rate of 50 Arb, and auxil-
iary gas flow rate of 55 Arb. TFV-DP was detected in positive ion
mode using a single-reaction monitoring scan with a transition of
mass to charge ratios of 448 — 270 with a collision energy of 35 V.
Chromatographic peak heights were used for relative comparisons of
metabolite abundance. Statistics were performed comparing each
mutant to wild-type CKM using a one-way ANOVA followed by a
Dunnett multiple comparison test using GraphPad Prism.

ADP Phosphorylation Assay. Reactions were performed at a
final volume of 200 pl under the following buffer conditions: 75 mM
HEPES, pH 7.5, 50 mM KCI, 5 mM MgCl,, 2 mM DTT, 500 nM pro-
tein, and 100 pM ADP. Solutions were prewarmed at 37°C for 5
minutes prior to initiation by the addition of phosphocreatine to a
final concentration of 500 pM. After 30 minutes of incubation at
37°C, reactions were quenched via direct addition of 1 ml of ice-cold
methanol followed by brief vortex mixing and incubation on ice for
10 minutes. Reactions were centrifuged at 10,000 rpm and 4°C for 10
minutes. The resulting supernatants were removed and dried by vac-
uum centrifugation. Control reactions were performed in parallel by
omitting the addition of phosphocreatine. All reactions and controls
were performed in triplicate.

Detection of ATP formation was performed by uHPLC-MS/MS
using the same column, mobile phases, and flow rate as the afore-
mentioned TFV-DP detection method but a different gradient: 10% B
from 0 to 1 minutes, 10%—45% B from 1 to 10 minutes, 45% B from
10 to 13 minutes, 45%-100% B from 13 to 14 minutes, 100% B from
14 to 18 minutes, 100%—10% B from 18 to 20 minutes, and 10% B
from 20 to 25 minutes. Analytes were ionized by heated electrospray
ionization with a spray voltage of 4500 V, capillary temperature of
250°C, sheath gas flow rate of 50 Arb, and auxiliary gas flow rate of
50 Arb. ATP was detected in negative ion mode using a single-reac-
tion monitoring scan with a transition of mass to charge ratios of
506 — 159 with a collision energy of 34 V. Chromatographic peak
heights were used for relative comparisons of metabolite abundance.
Statistics were performed comparing each mutant to wild-type CKM
using a one-way ANOVA followed by a Dunnett multiple-compari-
sons test using GraphPad Prism.

Pyruvate Kinase/Lactate Dehydrogenase-Coupled ATP
Dephosphorylation Kinetics. The impact of naturally occurring
CKM mutations on ATP dephosphorylation activity was measured
using an enzyme-coupled kinetic assay in which the ADP product of

the CKM reaction was further acted on by a pyruvate kinase/lactate
dehydrogenase system such that ADP production led to an equiva-
lent conversion of NADH to NAD" and a subsequent loss of absor-
bance intensity at a wavelength of 340 nm. Final assay conditions
were as follows: 75 mM HEPES, pH 7.5, 55 mM MgCl,, 50 mM KCl,
2mM DTT, 400 uM NADH, 1 mM phosphoenolpyruvate, 20 mM crea-
tine, 66 units/ml pyruvate kinase, 105 units/ml lactate dehydroge-
nase, and 20 nM CKM mutant. Ten different ATP concentrations
were used: 50 mM, 25 mM, 12.5 mM, 6.25 mM, 3.13 mM, 1.56 mM,
0.78 mM, 0.39 mM, 0.01 mM, and 0 mM. Assays were performed in
96-well plates at a volume of 100 pl per well, with each well for a
given mutant containing a different starting concentration of ATP.
Measurements were made using a plate reader (BioTek Synergy HT,
BioTek Instruments, Inc., Winooski, VT) kept at 37°C with live-time
serial measurements and shaking in between reads. Absorbance at a
wavelength of 340 nm was recorded every 10 seconds for the first 2
minutes and then every 30 seconds for the next 13.5 minutes. All
assays were performed in triplicate. Linear fits were performed on
the absorbance values in the first 2 minutes to determine initial
rates (Microsoft Excel). Conversion between absorbance and concen-
tration units was performed based on an NADH standard curve.
Michaelis-Menten plots were generated using GraphPad Prism.
Data were globally fit using all points from each replicate with an
unweighted least-squares regression to the traditional Michaelis-
Menten equation with two variables (V,.x and K,). Error values for
the k../K,, ratio were determined by propagation of the standard
error values from the individual components provided by the nonlin-
ear fit as previously described (Johnson, 2019). Because of the lack of
a vo plateau at the ATP concentrations used and the resulting poor
rectangular hyperbola fit for the R132C mutant data, a linear fit was
used instead to calculate k../K, for this mutant (GraphPad Prism).

Molecular Docking Simulations. A homology model structure
of wild-type human CKM was generated using the human CKM pep-
tide sequence modeled to the structure of rabbit CKM structure coc-
rystalized with ligands that mimic the transition state of phosphoryl
transfer between creatine and ADP (PDB 1U6R) (Ohren et al., 2007).
First, the side-chain positions in the rabbit structure were energy-
minimized using the YASARA energy minimization server (Krieger
et al., 2009). Then, the homology model was generated using the
SWISS-MODEL web server (Waterhouse et al., 2018). The resulting
structure was used as the receptor for docking simulations. The
receptor was further prepared for docking using AutoDock 4.2 to add
polar hydrogens and Gasteiger charges (Morris et al., 2009). For
preparation of the ADP and TFV-MP ligands, structure data files
were obtained from the PubChem database (compound identification
numbers 6022 and 6320284 for ADP and TFV-MP, respectively).
Ligands were converted to the PDBQT file format using OpenBabel
(O’'Boyle et al., 2011). Ligands were separately docked to the rigid
receptor using AutoDock 4.2 using a 120 x 120 x 120—point grid box
with 0.15-A point spacing centered at the nucleotide binding pocket.
The Lamarckian Genetic Algorithm was used to search for low-
energy binding modes. Each simulation began with a randomly posi-
tioned ligand. Resulting orientations were evaluated visually in
PyMOL with a preference for the cluster with the lowest predicted
binding energy with multiple conformations.

Differential Scanning Fluorimetry. Thermal shift assays
were performed using an Eppendorf Mastercycler RealPlex4 quanti-
tative PCR instrument. Protein unfolding was monitored by fluores-
cence of SYPRO Orange dye with a 580-nm emission filter. Assay
conditions were as follows: 756 mM HEPES, pH 7.5, 50 mM KCI, 5
mM MgCly, 2 mM DTT, 5 uM protein, and 25X SYPRO Orange dye.
Samples were prepared in 96-well PCR plates at a volume of 25 pl.
Samples were equilibrated to 15°C for 5 minutes and then heated to
75°C at a constant rate over 30 minutes. Fluorescence measurements
were obtained every 8.15 seconds. Five technical replicates of each
protein were run in parallel 3 times, each on separate days. The
derivative of the fluorescence signal with respect to temperature was
calculated by RealPlex software (Eppendorf). Both raw fluorescence



and derivative data for sets of technical replicates for each mutant
were normalized to the highest value among the replicates and aver-
aged. The melting temperature of each protein corresponds to the
temperature at which the derivative curve reaches its maximum
value. Statistics were performed comparing each mutant to wild-type
CKM using a one-way ANOVA followed by a Dunnett multiple com-
parison test using GraphPad Prism.

Hydrogen-Deuterium Exchange Mass Spectrometry. Wild-
type CKM and W211R were exchanged into 75 mM HEPES, pH 7.5,
50 mM KCl, 5 mM MgCly, and 2 mM DTT and concentrated to 250
uM. Labeling reactions were performed by addition of 2 pl of the pro-
tein solution to 38 pl of labeling buffer: 75 mM HEPES, pH 7.5, 50
mM KCl, 5 mM MgCl,, and 2 mM DTT in 99% deuterium oxide [94%
deuterium oxide (v/v) labeling reaction]. Labeling was quenched by
addition of 20 pl ice-cold 10% formic acid, producing a solution with a
pH of 2.5, and placed on ice to minimize back exchange. Most label-
ing reactions were incubated at 25°C and were quenched after 10,
100, 1000, 10,000, and 100,000 seconds. Another set of reactions
were performed on ice for 10 seconds, which is approximately equiva-
lent to 1 second of labeling time at 25°C based on the Arrhenius
equation as previously described (Bai et al., 1993; Englander, 2006;
Oganesyan et al., 2018). After quenching, proteins were proteolyti-
cally digested by addition of 20 pl of 500 pM porcine pepsin in 50 mM
HCI and incubated on ice for 5 minutes. Samples were then flash-fro-
zen and stored at —80°C until analysis. Labeling reactions were per-
formed in triplicate. Unlabeled control samples were prepared
similarly in protic solvent for each protein for the purposes of peptide
identification and nondeuterated mass-spectrum analysis.

Samples were analyzed using a Dionex Ultimate 3000 uHPLC con-
nected to a Q-Exactive quadrupole-orbitrap hybrid mass spectrome-
ter (Thermo Fisher Scientific, Bremen, Germany). Samples were
individually thawed on ice immediately prior to injection into the
system. Mobile phase A was 0.1% formic acid in water, and mobile
phase B was 0.1% formic acid in acetonitrile. Peptides were sepa-
rated on a Waters Acquity peptide BEH C18 column (2.1 mm x 100
mm, 1.7 um) (Waters Corporation, Milford, MA) at a flow rate of 0.2
ml/min using the following gradient: 0% B from 0 to 2 minutes,
0%-35% B from 2 to 4 minutes, 35%-90% B from 4 to 6 minutes,
90% B from 6 to 7.2 minutes, 90%-0% B from 7.2 to 7.5 minutes,
0%—-5% B from 7.5 to 9 minutes, and 5% B from 9 to 10 minutes. To
minimize back exchange, mobile phases were kept on ice, and the
column compartment of the uHPLC system was kept at 5°C. Pepti-
des were ionized by heated electrospray ionization with a spray volt-
age of 3000 V, capillary temperature of 175°C, sheath gas flow rate
of 35 Arb, and auxiliary gas flow rate of 8 Arb. The mass spectrome-
ter was operated in positive ion mode. Peptide identification samples
were analyzed using data-dependent MS/MS scans (dd-MS?) for the
top-10 abundant ions at a resolution of 140,000 full width at half
maximum with a dynamic exclusion of 6 seconds and applied a nor-
malized collision energy of 27. MS/MS fragments were detected at a
resolution of 35,000 full width at half maximum. Detection of deuter-
ated peptides was performed using a full-MS scan identical to that
portion of the dd-MS2? method.

Peptide identity, charge state, and retention time were determined
using Proteome Discoverer v2.4 (Thermo Fisher Scientific, Bremen,
Germany). The dd-MS? data set was searched using Sequest HT to
search manually modified human CKM protein FASTA sequence
files. Peptides covering 100% of each protein sequence were able to
be detected in nondeuterated controls. The presence of the W211R
mutation did not significantly alter the digest peptides detected, so
only peptides found in both control experiments (or for the peptides
containing the mutant residue, the analogous peptides spanning
from the same start and stop position) were used for downstream
analyses. Deuterium incorporation calculations were performed
using the HDX Workbench software platform (Pascal et al., 2012).
Deuterium incorporation for each peptide was determined by the
centroid of the isotopic distribution of each corresponding spectrum
at each timepoint. These data were used to further calculate the
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average deuterium incorporation at each residue across all time-
points. The difference in these values between WT and W211R were
visualized on a previously solved CKM crystal structure (PDB 1I0E)
by coloring each position as a function of the magnitude of the differ-
ence in percent deuterium incorporation (Shen et al., 2001). The deu-
terium incorporation data for each peptide are summarized in
Supplemental Document 2, in accordance with previous recommen-
dations (Masson et al., 2019).

Results

CKM Mutants Differentially Reduce In Vitro Activ-
ity in a Substrate-Dependent Manner. To test whether
naturally occurring mutations decrease the ability of CKM to
phosphorylate TFV-MP, in vitro assays were performed using
recombinantly expressed mutants. Purified proteins were
incubated with phosphocreatine and TFV-MP, and TFV-DP
production was measured by uHPLC-MS/MS. It was found
that 10 of the 15 mutants resulted in statistically significant
reductions in TFV-DP formation compared with WT (Fig. 1).
The four mutations that produced the largest effect were
R130H, R132C, W211R, and N2861; all reduced TFV-DP pro-
duction to less than 5% of that of WT. Additionally, the muta-
tions T35I, R43Q, 192M, H97Y, F169L, and Y173C reduced
TFV-DP formation to 14%—25% of WT levels. Of the 10 muta-
tions that reduced TFV-DP formation to less than 25% of
that of WT, 8 were previously predicted by SIFT and Poly-
Phen to be deleterious to enzyme function (Lade et al., 2015;
Figueroa et al.,, 2018a,b). Interestingly, R43Q and F169L
mutations were predicted to be benign but resulted in
decreased TFV-MP phosphorylation. Additionally, T52N,
F2508, N274Y, and L317M were predicted to have decreased
activity but did not exhibit significant reductions in TFV-DP
production.

The impact of these mutations on the canonical CKM activ-
ity analogous to the TFV-MP phosphorylation reaction was
determined using a similar assay in which the phosphoryla-
tion of the endogenous substrate ADP to form ATP was mea-
sured. Just four mutations—R130H, R132C, W211R, and
N286I—led to significant reductions in ATP formation (<30%
of WT) (Fig. 2). Among these four mutations, R130H and
R132C had the lowest activity, reducing ATP formation to
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Fig. 1. Impact of naturally occurring CKM mutations on in vitro TFV-
MP phosphorylation. Recombinantly expressed and purified CKM
mutants were incubated with TFV-MP and phosphocreatine, and TFV-
DP formation was measured by uHPLC-MS/MS. Chromatographic
peak height was used as the measurement for relative TFV-DP forma-
tion. All data were normalized to the avg. WT value. The assay was
performed with n = 3, and error bars represent standard deviation.
Statistics were performed comparing each mutant to wild-type CKM
using a one-way ANOVA followed by a Dunnett multiple-comparisons
test. Significance was set as follows: *, P < 0.05; **, P < 0.01; *** P <
0.001.
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Fig. 2. Impact of naturally occurring CKM mutations on in vitro ADP
phosphorylation. Recombinantly expressed and purified CKM mutants
were incubated with ADP and phosphocreatine, and ATP formation
was measured by uHPLC-MS/MS. Chromatographic peak height was
used as the measurement for relative ATP formation. All data were
normalized to the avg. WT value. The assay was performed with n = 3,
and error bars represent standard deviation. Statistics were performed
comparing each mutant to wild-type CKM using a one-way ANOVA fol-
lowed by a Dunnett multiple-comparisons test. Significance was set as
follows: *, P = 0.05; **, P < 0.01; *** P = 0.001.

less than 5% of WT levels. The other mutations tested did
not result in significant changes in ATP formation. The four
mutations that had the greatest reduction in this activity
also produced the strongest effect on TFV-MP phosphoryla-
tion activity. Interestingly, although all mutants with
reduced ATP formation were predicted to be deleterious to
enzyme function, the majority of the mutations predicted to
reduce CKM activity did not lead to reductions in ADP
phosphorylation.

Further study of the reverse canonical reaction—dephos-
phorylation of ATP to ADP—was performed using an
enzyme-coupled kinetic assay with varying concentrations of
ATP. The same four mutations with reduced ADP phosphory-
lation activity—R130H, R132C, W211R, and N286I—
resulted in the largest decreases in catalytic efficiency, all
falling to less than 4% of WT k../Ky (Table 1). Additionally,
the H97Y and Y173C mutations led to reductions in catalytic
efficiency to 6% and 21% of WT, respectively. The L317M
mutant displayed an increased catalytic efficiency (244% of
WT). R132C resulted in the largest decrease in k.,/Ky (0.9%
of WT). For this mutant, at the highest concentrations of
ATP used, the initial rate remained linear as a function of
substrate concentration, so the data were fit to a linear
regression rather than the Michaelis-Menten equation, and
thus separate k.q; and Ky fitted parameters were unable to
be obtained for this mutant (Supplemental Fig. 1). For the
other mutants with reduced activity in this assay, the reduc-
tion in catalytic efficiency was mostly Ky-driven. The great-
est reduction in k.,; was by 60%, whereas three mutants
resulted in a 13-fold or greater increase in Ky;.

Molecular Docking Simulations ADP and TFV-MP
Dock to CKM in Similar Conformations. To compare
how CKM might interact with ADP and TFV-MP, docking
simulations were performed. Although a crystal structure of
rabbit CKM bound to a transition state analog complex set of
ligands that includes ADP has been solved, no such cocrystal
structure with human CKM has been described (Ohren et al.,
2007). Rabbit and human CKM are similar in sequence (97%
identical sequences); thus, their structures are also likely
similar. Although a human CKM structure has been solved
in the absence of ligands, it is missing some residues near

TABLE 1

Michaelis-Menten kinetics parameters of naturally occurring CKM
mutations Recombinantly expressed and purified CKM mutants were
incubated with creatine and variable ATP conc. along with a pyruvate
kinase/lactate dehydrogenase system. ATP dephosphorylation was mea-
sured by changes in NADH conc. monitored by absorbance at 340 nm
that were the result of the coupled lactate dehydrogenase reaction. The
assay was performed with n = 3, and the data were globally fitted to
the Michaelis-Menten equation. Kinetic parameters are presented as fit-
ted values or calculated values based on fitted parameters with standard
error. A linear regression produced the best fit of the R132C data, thus
only a fitted k../K,, value was able to be obtained and separate k.,; and

K., values are reported as N/A (not applicable).

Mutant Keat (s K, (mM) Keat/Kin M 's7h)
WT 29.15 + 1.50 1.271 + 0.289 22,930 + 5340
T351 26.96 + 1.62 1.870 + 0.460 14,410 + 3650
R43Q 21.93 + 0.99 2.090 + 0.375 10,490 + 1940
T52N 22.39 + 1.24 1.047 = 0.266 21,390 + 5560
192M 20.19 + 1.39 1.406 + 0.419 14,290 + 4370
H97Y 11.68 + 1.23 8.513 + 2.577 1371 + 439
R130H 13.41 + 1.84 16.49 + 5.34 813.1 + 286.2
R132C N/A N/A 2105 + 12.4
F169L 19.13 + 1.73 1.220 + 0.492 15,680 + 6480
Y173C 14.37 = 0.79 3.009 + 0.615 4775 + 1011
W211R 16.74 + 3.48 30.35 + 12.28 551.6 + 250.9
F2508 24.53 + 1.63 0.9823 + 0.3042 24,960 + 7910
N274Y 22.52 + 1.19 1.237 + 0.291 18,200 + 4380
V280L 25.09 + 1.39 1.423 + 0.340 17,630 + 4330
N2861 15.20 + 2.88 22.33 + 9.09 680.7 + 305.7
L317M 40.98 + 2.85 0.7334 + 0.2534 55,880 + 19,700

the active site (Shen et al., 2001). Additionally, previous stud-
ies of human brain-type creatine kinase have described con-
formational changes upon ligand binding (Bong et al., 2008).
Thus, the rabbit cocrystal structure served as a better tem-
plate for the docking receptor for studying ligand binding. A
homology model of human CKM based on the rabbit transi-
tion state analog complex structure was generated and used
as the receptor for docking simulations.

The docking of ADP to CKM resulted in a low-energy con-
formation that closely reproduced the conformation of ADP
solved in the cocrystal rabbit CKM structure (Fig. 3A). All
functional groups were highly aligned, although other than
the phosphates, the docked structure was somewhat shifted
while maintaining a similar orientation. The docked ADP is
also positioned to maintain the same protein-ligand interac-
tions as the cocrystal structure ADP. This high degree of
agreement validates that the homology model closely resem-
bles the rabbit CKM structure and that the docking parame-
ters used were appropriate.

Docking simulations with TFV-MP as the ligand predicted
a similar binding conformation (Fig. 3B). The lowest-energy
binding conformation of docked TFV-MP has both the adeno-
sine rings and the phosphonate and phosphate in close align-
ment to both the rabbit cocrystal structure and docked ADP.
Key contacts with active-site arginine residues and H296
were maintained, whereas the T322 contact was lost, as this
residue interacts with a ribose hydroxyl group on ADP that
is not present in TFV-MP.

Differential Scanning Fluorimetry CKM Mutations
Lead to a Reduction in Thermal Stability. The effect of
the naturally occurring mutations on the thermal stability of
CKM was determined by a thermal shift assay. It was found
that T35I, R43Q, 192M, and W211R mutants had the largest
reduction in melting temperatures compared with WT (Fig.
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Fig. 3. Molecular docking of ADP and TFV-MP to CKM. (A) The lowest-energy docking conformation of ADP (purple) aligns well with the ADP
from a solved cocrystal structure (yellow). (B) The lowest-energy docking conformation of TFV-MP (green) also closely aligns to the solved ADP
positioning, suggesting TFV-MP binds to CKM in a similar position and orientation as the endogenous substrate. (C) Representation of CKM
active-site residues likely involved in TFV-MP binding based on the docked TFV-MP pose.

4; Supplemental Fig. 2). The T ,, values of the T35I and
I192M mutants were about 8°C lower than WT, whereas
R43Q and W211R led to reductions by 13.5°C and 10°C,
respectively. The T52N and Y173C mutants both had smaller
reductions in T,,, with both decreasing by 3.6°C. All other
mutants had T,, values within 2°C of WT, with both small
increases and decreases in T, being observed.

The four mutations that resulted in the largest decrease in
melting temperature also displayed reduced TFV-MP phosphor-
ylation activity. Interestingly, T35I, R43Q, and 192M did not
lead to large reductions of canonical CKM activities, whereas
W211R showed significantly reduced activity in all assays.
Additionally, in contrast to W211R, the other three mutants
with low activity toward each substrate (R130H, R132C, and
N286I) resulted in relatively small changes in T,,, suggesting
the mutations exert their effects by different mechanisms.

The W211R Mutation Results in Both Local and Dis-
tant Changes in Deuterium Incorporation. The impact
of the W211R mutation on CKM structure was determined by
hydrogen-deuterium exchange mass spectrometry (HDX-MS)
comparing the deuterium uptake for this mutant to WT. Deu-
terium uptake data were obtained for both proteins on
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Fig. 4. Thermal stability comparison of naturally occurring CKM
mutants. Recombinantly expressed and purified CKM mutants were
incubated in activity assay buffer and fluorescent SYPRO Orange dye
in a quantitative PCR instrument, and temperature was increased
from 15°C to 75°C over 30 minutes. The temperature at which the
maximum of the derivative of fluorescence intensity with respect to
temperature was calculated to be the T,,. The assay was performed
with n = 3 sets of five averaged technical replicates, and error bars
represent standard deviation. Statistics were performed comparing
each mutant to wild-type CKM using a one-way ANOVA followed by a
Dunnett multiple-comparisons test. Significance was set as follows: *,
P = 0.05; **, P < 0.01; *** P < 0.001, **** P < 0.0001.

peptides that cover 93% of the protein sequence (Supplemen-
tal Document 2), with the majority of the missing sequence
coverage coming from a gap between positions 39 and 56. All
other gaps in sequence coverage were fewer than 5 consecutive
amino acids. The average deuterium incorporation for each
peptide across the full set of labeling reaction times was calcu-
lated, and the data from overlapping peptides were combined
to calculate more specific average incorporation values for
each residue. To compare deuterium incorporation between
WT and W211R, the average percent deuterated value at each
position for the wild-type protein data was subtracted from
the corresponding W211R value, such that A%D = %Dyg11r —
%Dy, with each %D parameter being the average percent
deuteration.

It was found that multiple regions of the protein had mod-
erate changes in deuterium incorporation, with A%D values
ranging from —9 to 7. These changes were found to occur in
multiple parts of the three-dimensional structure of CKM
(Fig. 5). A decrease in deuterium incorporation with a A%D
of —5 was observed in the region of the sequence containing
position 211 and spanning from positions 205 through 225. A
larger decrease in uptake was observed at positions 24-32
(A%D of —9). An increase in deuterium incorporation with a
A%D of 7 was observed at positions 36-38, and a A%D of 4
was observed at positions 132—-159. Additional regions with
A%D values between 3.5 and 5 were observed at positions
228-237 and 302-312. Although the W211R mutation
resulted in changes in local deuterium incorporation (posi-
tions 205-225 and 228-237), it also led to changes in uptake
to a similar or greater degree at more distant regions of the
structure, including toward the N terminus (positions 24-32
and 26-38) and into the active site (positions 132—-159).

Discussion

These results demonstrate that naturally occurring CKM
mutations impact both canonical biologic and pharmacologi-
cal activities in vitro in a substrate-dependent manner. Of
the 15 mutations studied, 10 resulted in a reduction in TFV-
MP phosphorylation activity, whereas only 4 caused a
decrease in ADP phosphorylation, and 6 decreased ATP
dephosphorylation activity. The same four mutations that
decreased ADP phosphorylation led to the greatest relative
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Fig. 5. Positions in the CKM structure in which the W211R mutation
results in a change in deuterium incorporation compared with WT.
HDX-MS A%D values were mapped to PDB 1I0E according to the dis-
played color scale. Residues wherein no deuterium incorporation data
were obtained for either protein sample were colored black. Positions
with small changes in deuterium incorporation (A%D —2.5% to 2.5%)
were colored gray. There was a decrease in deuterium incorporation
between positions 205 and 226 and an increase in deuterium incorpora-
tion between positions 228 and 237. More distant from the site of the
mutation, differences were also observed toward the N terminus (posi-
tions 20-38) and at active site (positions 132—-159).

reduction in activity in all three assays. Although all muta-
tions that reduced canonical CKM function also displayed
reduced pharmacological function, the inverse is not true.
Four mutations reduced TFV-DP formation to less than 30%
of that of WT while not significantly decreasing ADP phos-
phorylation or ATP dephosphorylation kinetics. This suggests
people carrying these mutations may have no pathophysio-
logical phenotype as a result of the CKM mutation yet may
have reduced ability to form TFV-DP in colon tissue as read-
ily as others.

The colon is a putative site of HIV infection, and it has been
demonstrated that intracellular colorectal TEFV-DP levels
reduce infectibility in a concentration-dependent manner in an
ex vivo biopsy model (Richardson-Harman et al., 2014). Thus,
low-activity mutations could potentially lead to failure of TFV-
based PrEP and could especially pose a problem for the on-
demand dosing PrEP strategies being developed, in which the
rate of TFV-DP formation is of greater importance than in typi-
cal PrEP strategies (Molina et al., 2015; Antoni et al., 2020).
Serum creatine kinase activity measurements are routine clini-
cal assessments performed especially in instances of muscle
damage (Clarkson et al., 2006; Magal et al., 2010). However,
the observed substrate-specific effect of mutations suggests a
lack of predictive power of these assays for TFV activation.

Targeted genotyping of CKM from a pharmacogenomic per-
spective is still in its nascent stage. Of the 15 mutations stud-
ied, 8 do not have reported minor allele frequency values in the
dbSNP database (Sherry et al., 1999). The seven mutations
with reported frequencies—T35I, R43Q, R130H, R132C,
F169L, V280L, and N286I—range from 0.000005 to 0.00016.
Although the frequencies of individual mutations are rather
low, the presence of multiple mutations with reduced activity
suggests the prevalence of reduced TFV-MP phosphorylation
activity may be greater than the frequency of any single

mutation. Studies have yet to be performed to investigate the
relationship between CKM variants and drug disposition
in vivo. However, two CKM mutations, D54G and E83G, have
been associated with reduced serum creatine kinase activity,
demonstrating the potential for CKM mutations to impact
physiology (Yamamichi et al., 2001; Dubé et al., 2014).

Given the substrate-dependent effect observed in the
in vitro activity assays, the results of the molecular docking
simulations are surprising. Docking simulations predict both
ADP and TFV-MP likely bind the CKM nucleotide binding
site in the same space and orientation. These conformations,
especially that of ADP, also align well with the positioning of
ADP in a previously described CKM cocrystal structure
(Ohren et al., 2007). Although the adenosine rings of TFV-
MP are flipped compared with ADP, the ring system occupies
the same plane and can n-n stack with H296. Additionally,
the N1 and N6 adenosine amines switched positions and
maintain the contact with S128. The « and f phosphates of
ADP align well with the phosphonate and phosphate of TFV-
MP and maintain the same predicted interactions with a
cluster of active-site arginine residues. Indeed, the R130H
and R132C mutations in this region displayed decreased
activity toward all substrates studied. The section of the mol-
ecules in between the phosphates and the adenosine rings
does differ in structure and in predicted contacts with resi-
dues of CKM, so it is possible that these differences have
some role in conferring the substrate-specific effects.

However, the majority of mutations that decreased TFV-
MP phosphorylation are not in the active site of CKM. It is
likely that these mutations are impacting function through
other indirect mechanisms. It was previously found that
CKM has a weaker binding affinity for TFV-MP than ADP
(Varga et al., 2013). Thus, the binding may be less tolerant of
small changes in global protein structure that result from
these mutations. The thermal shift assay results indicate
that most of the mutations resulted in statistically significant
but small changes in melting temperature. None of the muta-
tions resulted in a large increase in the melting temperature.
The large reduction of melting temperature observed for the
T351, R43Q, 192M, and W211R mutants indicates a decrease
in thermal stability. All four of these mutations displayed
decreased TFV-MP phosphorylation activity, whereas just
W211R decreased the ADP- and ATP-related activities. The
majority of the mutations that reduced TFV-MP phosphory-
lation but not the canonical activities did not result in a large
decrease in melting temperature. Thus, whereas decreased
thermal stability may be related to structural changes result-
ing from some of the mutations that impact CKM function, it
does not explain the mechanism by which several other
mutations decrease the pharmacological function. Further
biochemical and structural experiments will be needed if the
exact mechanism by which each mutation impacts activity is
to be determined.

Regarding the four mutations that displayed low activ-
ity in all three activity assays, three (R130H, R132C, and
N286I) are at positions in the CKM active site, whereas
W211R is outside of the active site. R130 and R132 are
implicated by biochemical assays and crystal structures to
be involved in nucleotide binding and phosphoryl transfer
(Wood et al., 1998; Ohren et al., 2007). Indeed, both are
predicted to be involved in both ADP and TFV-MP binding
by the molecular docking simulations (Fig. 3C). N286 is



implicated by crystal structures to be involved in the
binding of creatine/phosphocreatine. All three of these
active-site positions are highly conserved in CKM across
species and also among other creatine kinase isoenzymes
(Mihlebach et al., 1994). It is likely these mutations
result in loss of key interactions to substrate binding that
impacts the activity of the enzyme toward all three sub-
strates studied. Additionally, none of these three muta-
tions resulted in a change in melting temperature by
more than 2°C in either direction, indicating that changes
to thermal stability are not likely the mechanism by
which these mutations result in decreased activity.

Interestingly, position 211 is not located in the active site
but results in reduced activity in all three in vitro assays to a
similar magnitude as the active site mutations. This muta-
tion did lead to a 10°C reduction in melting temperature,
indicating that this mutation impacts the thermal stability of
CKM, which may relate to the mechanism by which its activ-
ity is reduced. Because of the large magnitude of its effect on
enzyme activity, further elucidation of the structural impact
of this mutation was determined by HDX-MS. The results
show this mutation had a mild impact on the deuterium
incorporation compared with WT in multiple regions of the
three-dimensional CKM structure. Although these data can-
not conclusively demonstrate a change in peptide backbone
structure, they can indicate regions in which the peptide
backbone became more or less accessible to deuterium
exchange in solution, which relates to changes in hydrogen
bonding networks, such as secondary structure and overall
flexibility of that region. A decrease in deuterium incorpora-
tion was observed at positions near position 211 by sequence
and three-dimensional folding. Additionally, changes in deu-
terium incorporation were also observed at regions more dis-
tant from the part of the structure containing position 211.
This includes segments closer to the N terminus (positions
24-38) and, notably, positions 132-159, which include resi-
dues in and around the active-site pocket. That the W211R
mutation impacts deuterium exchange in multiple parts of
the structure indicates a change in structure or in-solution
dynamics that may relate to the mechanism by which this
mutation leads to decreased function. Looking previously
solved CKM crystal structures, W211 is a bulky, hydrophobic
residue that points inward into the hydrophobic core of the
structure. A mutation to arginine is likely to prevent the side
chains in this region and possibly the peptide backbone from
residing in the usual position, potentially forcing a change in
local structure if not a more global effect.

In conclusion, it was demonstrated that naturally occurring
mutations to muscle-type creatine kinase are capable of reduc-
ing the ability of the enzyme to phosphorylate TFV-MP to
TFV-DP, a function that is important to the efficacy of PrEP.
Interestingly, most of these mutations were tolerated in
assays with the endogenous substrates of CKM. This sub-
strate-specific effect suggests that people may possess CKM
mutations that do not impact normal physiology but may lead
to unfavorable outcomes if one was prescribed TFV-based
PrEP. Additionally, typical clinical measures of creatine
kinase activity would not likely be fully predictive of potential
for PrEP failure. The results of this study indicate that it is
possible for someone to have a mutation that does not impact
the canonical function measured in this assay while poten-
tially conferring reduced TFV-MP phosphorylation activity.
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This perspective is important to future pharmacogenomic
studies, especially in instances of nontraditional drug-metabo-
lizing enzymes that have other physiologic functions.
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