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ABSTRACT: In animals, the post-translational hydroxylation of hypoxia inducible factor (HIF) is a central
mechanism for regulating gene expression in an oxygen-dependent manner. The oxygenase-catalyzed trans-4-
prolyl hydroxylation of HIF-a increases its affinity for the von Hippel Lindau protein elongin B/C (VCB)
ubiquitin ligase complex, leading to HIF-a degradation. The level of binding of HIF-o.to VCB is increased by
~1000-fold upon addition of a single oxygen atom to a conserved proline residue. Here, we describe

computational studies on the chemical basis of this

“switchlike” signaling event. The results support

crystallographic analyses showing the importance of hydrogen bonding in the binding of hydroxylated
HIF-o to VCB and suggest that rrans 4-hydroxylation “preorganizes” the proline residue to adopt the C*-exo
conformation, via operation of the stereoelectronic gauche effect.

Hypoxia inducible factor (HIF)' plays a central role in main-
taining oxygen homeostasis in animals, by regulating a large gene
array that works to counteract the effects of hypoxia (/—3). The
oxygen sensing component of the HIF system is proposed to
involve the post-translational hydroxylation of the HIF-a sub-
unit, as catalyzed by the HIF hydroxylases (/, 4, 5). In human
HIF-1a, hydroxylation of either of two prolyl residues signals the
degradation of HIF-a via the ubiquitin proteasome pathway
(Figure 1) (6—10). Asparaginyl hydroxylation in the C-terminal
transcriptional activation domain of HIF-a blocks its interaction
with p300, thus inhibiting HIF-mediated transcription (/). In
contrast to the HIF-a subunit, the levels of the HIF-£ subunit are
independent of oxygen availability. When oxygen becomes limit-
ing, HIF-a hydroxylase catalysis slows, causing HIF-o levels to
increase; following dimerization with HIF-f, and subsequent
translocation to the nucleus, the HIF-a/f heterodimer binds to
hypoxic response elements associated with HIF target genes,
enabling their transcription (3). At present, the most important of
the three human HIF hydroxylases in the hypoxic response is
thought to be PHD2 (12), which catalyzes prolyl hydroxylation at
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either of two target sites within both HIF-1ot and HIF-2a. The
C-terminal of these two oxygen-dependent degradation domains
appears to be the preferred target of PHD2, at least under
normoxic conditions (/3).

The discrimination in binding of prolyl-hydroxylated HIF-a,
compared to nonhydroxylated HIF-o, to the pVHL—elongin
C/B ubiquitin ligase complex (VCB) (10, 14) is a vital component
of the proposed sensing mechanism (15). trans-4-Prolyl hydroxyla-
tion of the C-terminal oxygen-dependent degradation domain
(CODD) of HIF-la increases the affinity of HIF-la peptide
fragments for VCB by ~1000-fold (/6). Many tumors have been
shown to have mutations in pVHL, the targeting subunit of
VCB (17), supporting the clinical significance of the HIF path-
way (18). A subset of the clinically observed mutations of pVHL
cause weaker binding of HIF-o and are associated with cancer and
cardiovascular diseases (19).

The remarkable selectivity of the switchlike HIF signaling
pathway is proposed to be a key determinant in human oxygen
sensing (1, 15, 20). A recent study has led to the proposal that the
conformation of the targeted HIF-ol prolyl ring has important
roles both in the binding of hydroxylated HIF-a to VCB and in
the binding of nonhydroxylated HIF-a to the PHDs (21).
Crystallographic analyses have revealed that the target pro-
line adopts the C*-endo ring conformation when bound to
PHD?2 (22), but the C*exo conformation when bound to VCB
(Figure 2b) (16, 23). In solution, prolyl residues can adopt either
the C*-endo or C*-exo conformation, with a slight preference for
the former (21, 24, 25). Within a trans-4-hydroxyprolyl residue,
the stereoelectronic effect arising from the N—C’—C*—0 gauche
relationship biases the pyrrolidine ring toward the C*-exo con-
formation (Figure 2a). The gauche effect arises from the ten-
dency to adopt the conformation with the largest number of
gauche interactions between adjacent electron pairs and/or
polar bonds (26), to maximize delocalization of electron density
throughout the o-bond framework (27). The gauche effect has
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FiGure 1: Overview of the human HIF oxygen sensing pathway. In normoxia, the PHD enzymes catalyze HIF-a. trans-4-prolyl hydroxylation,
leading to specific recognition of hydroxylated HIF-a by the E3 ubiquitin ligase targeting subunit pVHL, and subsequent proteasomal
degradation. Conversely, in hypoxia, the PHD enzymes are less active, leading to accumulation of HIF-q, its translocation to the nucleus, and
dimerization with HIF-$. The transcriptionally active HIF-at/f heterodimer binds to specific recognition motifs on HIF target genes, to activate

their transcription.

(a) il

Preferred for:

R2

Preferred for:

R2 R
R1=H —_— R1= OH, F (trans)
R2 = H, OH or F (cis) | 2 . RZ=H
4 0
C4endo
(b) D315
H374
Fe(lDctendo  + [O]
—_—

Pro-564
’”~

PHD2.Pro-564cooo

VCB.Hyp-564coop

FIGURE 2: HIF-1a Pro-564 residue that adopts a C*-endo conformation when bound to PHD2 and a C*exo conformation when bound in
hydroxylated form to VCB. (a) Electronegative substituents at C-4 bias prolyl residues to prefer either the C*-endo or the C*-exo conformation.
(b) Views from the structure of PHD2 and VCB in complex with HIF-1o. CODD and Pro-564-hydroxylated CODD, respectively. Note the change
in Pro-564copp conformation from C*-endo to C*-exo upon trans 4-hydroxylation. In the PHD?2 crystal structure, Fe(II) and 2-oxoglutarate
(20G) were substituted with Mn(I1) and N-oxalylglycine, respectively, for crystallographic purposes.

been invoked to explain both the conformational preferences of
double-helical nucleic acids (28) and the stability of the collagen
triple helix (29). Further work with prolyl-substituted variants of
HIF-o has highlighted the importance of hydroxylation in HIF-a
recognition by VCB; notably, a variant in which the HIF-a trans-
4-hydroxyprolyl 564copp residue is replaced by trans-4-fluoro-
prolyl was not observed to bind to VCB (21).

Here we report computational studies aimed at investigating
the chemical basis of the selectivity of VCB for hydroxylated
HIF-a. We applied molecular dynamics simulations followed
by quantum mechanical/molecular mechanical (QM/MM)

approaches. Initially, we assessed the ability of a range of com-
putational methods to reproduce the experimentally observed
preferences of proline residues for the C*-endo and C*-exo
conformations, dependent on different substitutions at C-4. We
then employed a QM/MM approach to analyze the binding of
HIF-a fragments to VCB, using a residue-by-residue decomposi-
tion approach to identify key selectivity-determining interactions.
The contribution of stereoelectronic effects to the calculated
interaction energy was investigated using an ONIOM method,
allowing for electron correlation to be included in a limited region
of the system. The results reveal that both hydrogen bonds and
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Chart 1: Three Different Forms of the Histidine Side Chain
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stereoelectronically mediated conformational effects are impor-
tant in the binding of hydroxylated HIF-a to VCB.

METHODS

Crystal structures of VCB bound to the C-terminal oxygen-
dependent degradation domain (CODD) fragment of HIF-q,
including hydroxylated P564, have been reported [PDB entries
1LMS8 (23) and 1LQB (/6)] at 1.85 and 2.00 A resolution. We
used the higher-resolution structure (PDB entry 1LMS) as a
starting model. In all studies, the N-termini of CODD peptides
(HIF-1otsg—575) were acetylated; an N-methylamide group was
present at the C-termini. Default ionization states were used. Two
segments of unresolved residues in the VCB X-ray structures
were built using the Wloop homology modeling server (http://
bioserv.rpbs.jussieu.fr/cgi-bin/WLoop) (30, 31). These loops
correspond to residues 49—58 and 107—118 in elongins C and B,
respectively.

Molecular dynamics simulations (MDS) of the VCB-bound
CODD peptide were conducted, including all water molecules
observed in the crystal structure (PDB entry 1LMS). Additional
solvent waters were added using the Solvaze plug-in of VMD (32)
using a box padding of 11.5 A x 11.5A x 11.5 A. Sodium ions
were added to neutralize the system. The total system size was
~70600 atoms, including ~64600 water atoms. Five structural
models were considered with the following variations in CODD
residues and the protonation state of H115yyy: (1) trans-4-
hydroxylated P564copp and neutral H115yy protonated at
its N (HIE form), (2) trans-4-hydroxylated P564copp and
neutral H115yy; protonated at its N? (HID form), (3) P564copp
and H115yyy in the HIE form, (4) P564copp and H115yy; in
the HID form, and (5) cis-4-hydroxylated P564copp and
H115yyy, in the HIE form (see Chart 1).

For each MDS run, the energy was first minimized by 10000
steps of steepest descent followed by 10 ns of production run. The
CHARMM?27 force field with CMAP correction (33, 34) was
used for VCB, together with the TIP3P model for water mole-
cules (35). Default CHARMM parameters were used for ions in
bulk solution. The particle mesh Ewald algorithm was used for
evaluation of electrostatic interactions (36). van der Waals forces
were smoothly switched off at 10—12 A. Bonds with hydrogen
atoms were restrained by the SETTLE algorithm (37), with a 2 fs
time step. The multi-time step algorithm r-RESPA (38) was used
to integrate the equation of motion. Nonbonded short-range
forces were computed for each time step, while electrostatic forces
were updated every two time steps. The pressure was kept at
1 atm by the Nose-Hoover Langevin piston (39, 40), with a
damping time constant of 100 ps and a period of 200 ps. The
temperature was maintained at 300 K by coupling to a Langevin
thermostat, with a damping coefficient of 5 ps~'. Calculations
were performed using version 2.6 of NAMD (41, 42).
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Following from the MDS studies, calculations were conducted
on a single “capped” proline residue (N*-acetyl methyl ester)
to test the ability of different QM methods to reproduce the
experimentally observed conformational preferences with dif-
ferent electronegative substituents at the proline C-4 position
(see the Supporting Information). Experimental studies show
that electronegative substituents at the trans-4 position bias the
conformation of the pyrrolidine ring toward the C*-exo con-
formation, whereas the C*-endo conformation is favored by
electronegative substitutions at the cis-4 position (Figure 2a)
(24). Although in previous QM studies on hydroxyprolyl ana-
logues a low-level optimization of the structure has been followed
by single-point calculations at higher theoretical levels (43, 44),
we performed a full optimization of the molecule at each level of
theory. Optimizations were conducted with different substituents
at prolyl C-4 in both the C*endo and C*-exo conformations at a
range of levels of theory, both in vacuo and using the IEFPCM
implicit solvent model (45) as implemented in Gaussian03 (46).
The difference in calculated energies between the optimized
prolyl C*-endo and C*-exo conformations was used as a measure
of conformational preference.

QM calculations were then performed on a model of the
binding interaction between VCB and HIF-1o. CODD peptide
variants. The model system was defined from a snapshot of
the MDS calculation on trans-4-hydroxylated P564copp and
H115yy; in the HIE form, taken after 5 ns of simulation time and
considered as representative of the MD configuration ensemble.
The CODD peptide was represented by a three-residue fragment
consisting of the P564 residue as well as A563 and Y565. The
environment of the ligand was represented by including in the
model all residues of VCB within 5 A of P564copp, as measured
by closest atom—atom distances. Where necessary, bonds were
capped with hydrogen atoms. This resulted in a total of 255
atoms in the QM system, including pVHL residues W88, F91,
Y98, 1109, H110, S111, Y112, H115, and W117. The system
included seven water molecules close to P564copp; none of these
waters were present in the crystal structure but instead were part
of the explicit aqueous solvent. Examination of the MD trajec-
tory showed individual water molecules moving rapidly in and
out of the space close to the P564copp residue, such that the
water molecules as a whole could be considered bulk solvent.

To investigate the effect of proline substitution on the calcu-
lated energy for interaction of CODD peptides with VCB, the
geometry of the system was optimized, using the B3LYP/6-31G*
level of theory (see the Supporting Information for why this level
was used). To maintain the relative positions of CODD and the
VCB residues, the locations of the backbone atoms of all residues,
except for P564copp, were frozen in positions derived from the
MDS snapshot. Having obtained an “optimized” structure, we
conducted single-point energy calculations to investigate the
calculated interaction energy of the three-residue CODD peptide
fragment and the central P564copp residue to VCB: E(calculated
interaction between A and B) = E(AB) — E(A) — E(B). To
evaluate the behavior of VCB in the case where no CODD
peptide was bound, further QM calculations were conducted by
replacing the bound peptide with a single water molecule, located
according to a crystal structure of VCB without bound CODD
peptide, where a water molecule forms a hydrogen bond to
H1 15VHL and S11 1VHL (14)

A residue-by-residue decomposition of the calculated interac-
tion energy was conducted by means of a series of single-point
calculations for the interaction of both the three-residue CODD
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Table 1: Calculated Interaction Energies of CODD Variants with VCB with Different Protonation States for H115yy ¢

three-residue fragment interaction energy (kcal/mol) single-residue fragment interaction energy (kcal/mol)

HID HIE HIP HID HIE HIP
trans-4-hydroxyprolyl —80.51 —82.52 —83.99 —29.92 —30.14 —34.52
trans-4-fluoroprolyl —77.52 —73.94 —81.87 —25.25 —20.60 =31.19
prolyl —67.93 —66.56 —61.73 —12.54 —10.60 —10.19

"N"-protonated, HID; N*-protonated, HIE; both N°-and Neé-protonated,

HIP. Three-residue fragment interaction energies detail the calculated interaction

energy of the three-residue fragment of CODD to the remainder of the model system. Single-residue fragment interaction energies (with the adjacent CODD
residues AS563 and Y565 excluded from the calculation) detail the calculated interaction energy of the (non)-substituted P564copp residue to the remainder of

the model system.

fragment and the hydroxylated P564copp residue with each
residue of VCB included in the model. Using this protocol,
calculations were performed to establish the likely protonation
state of the H1 15y residue, which had not been ascertained in
earlier work. The model system was defined as described above,
with H115yy in each of the three possible protonation states
[HID, HIE, and HIP (see Chart 1)]. For each protonation state,
three systems were studied, with the P564¢opp residue modified
to prolyl, trans-4-hydroxyprolyl, and trans-4-fluoroprolyl resi-
dues, respectively.

Having established the most likely protonation state of the
H115yy, residue as being HIE (see Results), we performed
further calculations on systems with the P564copp residue
substituted with cis-4-hydroxyprolyl and cis-4-fluoroprolyl resi-
dues. Calculations were repeated for trans-4-hydroxyprolyl, cis-
4-hydroxyprolyl, and prolyl residues in which the initial con-
formation of the prolyl ring was changed, prior to optimization,
into a C*endo conformation. Initial structures for the model
systems were defined by snapshots taken after 5 ns of MDS.
Fluoroprolyl and prolyl P564copp variants were created by
mutation of the snapshot obtained from the VCB—HIF-1a
crystal structures with the bound trans-4-hydroxyprolyl 564copp
variant (that is, the hydroxyl group was replaced with fluorine or
hydrogen and the structure was reoptimized). Following optimi-
zation of the models, energy decomposition was performed in
each case to measure the contributions of the key binding site
residues in the binding of CODD to VCB.

To minimize the effects of random changes in the locations of
water molecules carried over from the MDS into the QM system,
calculations were repeated for an equivalent system with removal
of all water molecules. Energies were recalculated as described
above.

To investigate the role of stereoelectronic effects in the binding
of CODD to VCB, an ONIOM method was used to incorporate
electron correlation into the modeling of the P564¢-opp residue.
The optimized system geometries obtained for the system with
the water molecules excluded were reoptimized at the HF/6-31G*
level, which excludes electron correlation. A two-layer ONIOM
calculation was then performed, with the system as before but
with the P564copp residue modeled at the MP2/6-31G* level,
that is, at a level of theory that is identical to HF/6-31G*, but
with inclusion of electron correlation (see the Supporting In-
formation). Further calculations were performed in which the
side chains of S111yyy and H115yy; were also included at the
MP2/6-31G* level.

RESULTS

Initially, we conducted MDS to test the validity of the crystal
structures and to investigate the conformational preference of

HIF-1a P564copp and the contribution of HI115yy to HIF-
1o—VCB binding. The results of the MDS on the HIF-10—VCB
complex varied in a manner dependent on the protonation state
of the HI15yy;, residue (N‘S-protonated, HID; N®-protonated,
HIE; both N°- and Neé-protonated, HIP). When residue 564copp
was trans-4-hydroxyprolyl, with H115yy in the HIE proton-
ation state, 564copp exhibited a strict preference for the C*-exo
conformation (99:1, exo:endo). However, when H115yy; was in
the HID state, there was a preference for the C*-endo conforma-
tion (20:80, exo:endo). The crystal structures of a HIF-1a peptide
fragment bound to VCB show that trans-4-hydroxyprolyl
564copp is in the C*-exo conformation (16, 23). Together, these
results imply that for H115yy, the HIE (i.e., the histidine has
a neutral charge with a protonated N°) protonation state is
preferred, at least when HIF-o forms a complex with prolyl-
hydroxylated CODD. For unsubstituted P564copp, the
observed conformational preferences were reversed; when
H115yy, was in the HIE state, there was a preference for the -
endo conformation (22:78, exo:endo), whereas when H115yy;
was in the HID state, the C*-exo conformation was preferred
(91:9, exo:endo). With cis-4-hydroxyprolyl at residue 564copp,
and with H115yyy; in the HIE state, the C*-exo conformation of
residue 564copp was strictly preferred (99:1 exo:endo); note
that in solution, cis-4-hydroxyprolyl substitution is predicted
to be biased toward the C*-endo conformation (24). Overall,
these initial MDS results for prolyl and trans-4-hydroxyprolyl
564copp are consistent with the crystallographic and substrate
analogue studies that predict trans-4-hydroxyprolyl 564copp to
adopt the C*-exo conformation when bound to VCB (16, 21, 23).

To further investigate the likely protonation state of the
H115yyy, residue, optimizations were conducted at the B3LYP/
6-31G* level of theory on the model system of the hydroxyprolyl
564copp binding site of VCB, comprising three HIF-ao CODD
residues (A563, P564, and Y565) and the surrounding VCB
residues, with H1 15y, in each of the three possible protonation
states (N°-protonated, Ne-protonated, or both N°- and N
protonated), and with each of three prolyl variants (prolyl,
trans-4-fluoroprolyl, and trans-4-hydroxyprolyl). These calcula-
tions resulted in predicted interaction energies for a total of nine
systems (Table 1). The fluoroprolyl variants were included
because fluorine can act as a hydrogen bond acceptor, but not
as a donor.

Experimental work (16, 21) has demonstrated an ~1000-fold
selectivity in the binding to VCB of a short HIF-1a trans-4-
hydroxyprolyl 564copp peptide as compared to its unmodified
P564copp variant before hydroxylation. With each of the
H115yyy protonation states, trans-4-hydroxyprolyl 564copp is
predicted to bind considerably stronger than the prolyl 564
variant, with a difference of 15—23 kcal/mol in the calculated
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single-residue interaction energies (Table 1). However, the selec-
tivity for a hydroxyprolyl over a fluoroprolyl residue is signifi-
cantly more pronounced in the HIE than in either the HID or
HIP protonation state, matching experimental observations of
selectivity (21). These results further suggest that HI15yyy is
likely to occupy the HIE protonation state when bound to trans-
4-hydroxyprolyl 564copp.

Optimizations of the same model system were then conducted
on other variants of the P564copp residue with the H115yy
residue in the HIE protonation state at the B3LYP/6-31G* level
of theory. Examination of the MD trajectory showed individual
waters moving rapidly in and out of the space close to the
P564copp residue. To highlight differences caused by variation
in the P564copp residue, rather than potentially due to the
solvent, the solvent waters were omitted from the system before
optimization. The same trends in calculated interaction were
observed for both the results with the solvent waters omitted
(Table 2) and included (Table S3 of the Supporting Information).
Although the inclusion or exclusion of the A563copp and
Y 565copp residues from the energy calculation had a substantial
impact on the calculated interaction energies obtained (for
example, due to the formation of hydrogen bonds between these
residues and VCB), exclusion of these residues did not affect the

Table 2: Calculated Interaction Energies for Different Variants of the
HIF-1a. P564copp Residue at the B3LYP/6-31G* Level of Theory”

interaction energy (kcal/mol)

B3LYP/6-31G* AS563-P564-Y565 P564
trans-4-hydroxyprolyl (exo) —50.07 —32.26
trans-4-hydroxyprolyl (endo) —41.10 —25.53
cis-4-hydroxyprolyl (exo) —44.10 —27.42
cis-4-hydroxyprolyl (endo) —31.25 —14.03
trans-4-fluoroprolyl (exo) —40.91 —22.47
cis-4-fluoroprolyl (exo) —35.29 —19.57
prolyl (exo) —29.53 —12.21
prolyl (endo) —27.97 —11.28

“The H115ygy residue is in the HIE state in all cases. exo and endo refer
to the prolyl 564copp conformation at C-4 (see Figure 2a).

Illingworth et al.

relative trend of the calculated interaction energies of the proline
variants.

Of the different P564copp variants, trans-4-hydroxyproline in
the C*-exo conformation was observed to have the strongest
calculated interaction energy with VCB. The results also imply
that the cis-4-hydroxyproline residue binds substantially weaker
than trans-4-hydroxyproline, followed in decreasing order of
calculated interaction energy by the fluoroproline variants and
finally proline. The ordering of calculated interaction energies in
the C-4-substituted P5S64copp residues compares favorably with
that obtained from experimental binding assays in that, for
example, cis-4-hydroxyproline binds more strongly than trans-
4-fluoroproline (21).

We note that the ordering of the calculated interaction
energies, rather than the absolute values obtained, is most
relevant (at least with the current calculations). This is because
the calculations performed reproduce changes in the residues
involved upon binding in a quantum framework, but do so in a
vacuum, and neglect contributions to the energy of binding due
to desolvation or changes in entropy. For the results reported in
Table 2, the energy cost of removal of water from the binding
site of pVHL was assumed to be constant. However, removal of
a hydroxyproline residue from solution would incur a larger
entropic cost than the removal of a more hydrophobic proline
residue, leading to a difference in free energy on binding of the
two systems somewhat smaller than the differences reported
above. Calculations on a single residue (detailed in the Support-
ing Information) taking into account desolvation energy suggest
a reduction in the difference between the proline and trans-4-
hydroxyproline residues of ~6 kcal/mol compared to the values
reported in Table 2.

To further investigate the differences in calculated interaction
energies for the CODD variants, a residue-by-residue interaction
energy decomposition was conducted (Table 3; equivalent results
for the systems with waters included are reported in Tables S4
and S5 of the Supporting Information). The results reveal that in
both the trans-4-hydroxyproline and cis-4-hydroxyproline vari-
ants of P564copp, the hydroxyl group is positioned to form a
hydrogen bond with H115yy;, leading to an increase in the
calculated interaction energy of ~8 kcal/mol relative to the

Table 3: Residue Decomposition of Single-Residue Interaction Energies Calculated for Different Variants and Conformations of the HIF-1a P564copp

Residue at the B3LYP/6-31G* Level of Theory”

interaction energy (kcal/mol)

P564 variant W88 F9l Y98 1109 HI110 Si11 Y112 HI15 w117
t-4-Hyp (ex0) 0.76 0.03 ~10.48 0.10 2.8 —6.89 —1.34 -8.30 —0.48
t-4-Hyp (endo) —2.40 0.07 ~10.96 0.04 ~1.36 —4.80 —0.44 —0.39 —3.29
c-4-Hyp (ex0) 0.66 0.08 —9.72 0.00 -3.28 —4.37 ~1.95 -9.16 ~0.79
c-4-Hyp (endo) 0.37 0.06 ~12.30 0.00 -2.95 1.69 ~1.30 ~1.04 0.53
1-4-Flp (exo) ~0.96 0.17 -10.27 0.20 ~2.80 -5.72 ~1.59 0.19 —0.28
¢-4-Flp (ex0) -2.18 0.04 -9.97 0.07 -1.86 347 —0.33 —-0.48 ~1.31
Pro (ex0) ~0.05 0.03 —9.97 0.03 -2.28 0.13 ~0.25 —0.99 0.29
Pro (endo) —0.08 0.02 —9.85 0.00 ~1.79 0.58 —0.24 -0.73 0.45
t-4-Hyp HIP (exo) —0.94 0.03 ~10.85 0.09 ~1.65 —5.02 —0.5 ~14.97 -2.81
c-4-Hyp HIP (exo) —0.98 0.05 ~10.47 0.06 -3.30 ~1.68 -1.71 ~15.62 —1.72
#-4-Flp HIP (exo) ~0.89 0.07 —9.18 0.21 ~3.04 ~5.62 ~1.26 ~13.42 —0.32
Pro HIP (exo) —0.28 —0.04 —-9.77 0.03 -2.30 0.07 —0.19 1.04 0.48

“Optimizations were conducted with solvent waters removed. Values for VCB residues that make the largest contribution to the difference in calculated
interaction between different prolyl 564copp variants are highlighted in bold (pVHL, Y98, S111, and H115). H115yyy is in the HIE state, unless stated
otherwise. To isolate the interactions with the P564copp residue, only the single-residue binding energies are given. Hence, the total calculated interaction
energies reported above may not precisely equal the sum of the residue-calculated interaction energies, because of the neglect of residue—residue interactions in

the breakdown of energies.
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fluoroproline and proline variants (Figure 2b); note that fluor-
oproline cannot act as a hydrogen bond donor. A further
distinction was observed between the fluoroproline residue and
proline, the former capable of receiving a hydrogen bond from
the hydroxyl group of SIl1lyyy, contributing between 3 and
6 kcal/mol to the calculated interaction of the fluoroproline
variants. For each of the cis-4-substituted variants, this hydrogen
bond with S111yyp was weaker than that observed for the
equivalent trans-4-substituted variant, favoring interaction of
the frans-4 variants by 2—3 kcal/mol. The magnitude of these
energy differences can be compared with the energy of a hydro-
gen bond in a vacuum of ~7—8 kcal/mol.

The results imply that the Y98y residue, which is positioned
to form a hydrogen bond to the backbone carbonyl group of the
CODD hydroxyproline residue, makes a significant contribution
to the binding of trans-4-hydroxyproline 564copp. This con-
tribution is relatively constant across most variants in HIF-1a
residue 564copp, although it was observed to be weaker for cis-4-
hydroxyproline, and for trans-4-fluoroproline with H115yy; in
the HIP state.

Significantly, when HIF-1a residue 564copp in the complex
with VCB was manually changed into a C*-endo conformation
and reoptimized in this conformation, trans-4-hydroxyproline,
cis-4-hydroxyproline, and proline each bound weaker than their
corresponding C*-exo conformations. These results further sup-
port the proposal that VCB is selective for binding the C*-exo
hydroxyprolyl conformation, and that this is similar for both cis
and trans substitution at C-4. For trans-4-hydroxyproline
564copp, weaker binding of the C*-endo conformation appears
to be largely due to the breaking of the hydrogen bond with
H115yy1, which in itself contributes a reduction of ~8 kcal/mol.
For cis-4-hydroxyproline 564copp (Which is not observed to
bind in solution), the difference is more pronounced, with neither
of the hydrogen bonds predicted to be formed by the hydroxyl
group in the C*-exo conformation. In solution, cis-4-hydroxypro-
line 564copp exists mainly in the C*-endo conformation (24), and
this is a likely factor in the lack of observed binding of the cis-4-
hydroxyproline variant to VCB. For the unmodified prolyl
residue, the difference between the C*-exo and endo conforma-
tions is smaller, consistent with an important role for the
hydrogen bonds in selectivity. These results are also consistent
with those obtained from the MDS, i.e., that trans-4-hydro-
xyproline and cis-4-hydroxyproline 564copp would both
preferably occupy the C*-exo rather than the endo conformation,
when or if bound to VCB.

To model a possible behavior in a low-pH environment, e.g., as
observed in some tumors (47), a residue-based decomposition of
calculated interaction energies was also obtained for H115yy.
protonated at both N and N¥ (see Table 3). A change in the
behavior of trans-4-hydroxyproline 564copp (in the C-exo
conformation) was predicted; i.e., the hydroxyl group accepts a
hydrogen bond from H115yy rather than acting as a hydro-
gen bond donor, as in the neutral case. Importantly, the
discrimination between unsubstituted and frans-4-hydroxylated
P564copp variants was maintained in the HIP protonation
state. Thus, these results predict that selectivity between the
prolyl and hydroxyprolyl 564copp variants will be retained, even
at pH <7, consistent with experimental analyses showing that
selectivity for prolyl-hydroxylated CODD occurs at pH >6 (data
not shown).

There is a discrepancy between the calculated interaction
results and experimental analyses at the HIP protonation state,
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in that the trans-4-fluoroprolyl 564copp variant was predicted to
bind only ~1.5 kcal/mol weaker than frans-4-hydroxyprolyl
564copp to the HI15yy residue, markedly smaller than the
~8.5 kcal/mol difference observed when H115yyy; was in the HIE
protonation state. Experimental analyses revealed (2/) that at
both pH 7.5 and 6 (data not shown) the distinction between trans-
4-hydroxyproline and trans-4-fluoroproline variants is main-
tained. The possibility that this apparent discrepancy reflects
an inadequate calculation method or that at lower pH values,
protonation at residues away from the HIF-a hydroxyprolyl
binding site of VCB may affect binding cannot be ruled out.
However, analysis of potential sites of water binding to the
hydroxyprolyl binding site on VCB suggests another possible
explanation. When H115yy was in the HIE protonation state,
replacement of the CODD peptide with a water molecule gave
calculated interaction energies for water similar in magnitude to
those obtained for the single residue P564copp (Table 2). This
interaction energy is intermediate between the predicted interac-
tion energies of trans-4-fluoroprolyl and trans-4-hydroxyprolyl
residues with H115yy in the HIE protonation state (Table 2).
The largest contributions to this calculated interaction energy of
the water came from hydrogen bonds formed with S111yyy;, and
H115yyL. Hence, in the absence of CODD, VCB could bind
water in the hydroxyprolyl binding pocket (as observed crystallo-
graphically). It may be that this water can be efficiently displaced
by trans-4-hydroxyprolyl 564copp, but not so efficiently by the
trans-4-fluoroprolyl 564copp variant. Notably, when HI15yy
was modified from the HIE to the HIP protonation state, the
calculated interaction energy of water increased substantially. An
inability to displace this water may account at least in part for the
predicted lack of binding of the trans-4-fluoroprolyl 564copp
variant at low pH.

The B3LYP/6-31G* method enables calculations for the entire
system at a consistent level of theory to be conducted but
underestimates the in vacuo preference of trans-4-hydroxyproline
for the C*exo conformation; this preference was reproduced
only through the use of models that account for electron cor-
relation (Table S7 of the Supporting Information). To investigate
the impact of electron correlation on the calculated interaction
energies, an ONIOM model was used to isolate the effect of
electron correlation in the P564copp residue. Geometry optimi-
zations of the model system were repeated at the HF/6-31G* level
of theory [energies correlated strongly with those calculated using
B3LYP (see Table S6 of the Supporting Information)], in which
electron correlation is entirely neglected, and then in an ONIOM
framework, modeling the P564copp residue at the MP2/6-31G*
level of theory, and the remainder of the system at HF/6-31G*.
The MP2 method is identical to HF, but with the addition
of electron correlation; thus, comparison of these two models
allowed for the isolation of the effect of electron correlation in the
proline ring on binding. In addition, use of an ONIOM model
allowed for the use of the MP2 level of theory, which was
suggested by the single-residue studies to result in an improved
model for the conformation of the substituted prolyl residues in
solution (the use of this method for the entire protein complex
system would be computationally unfeasible) (Table S7 of the
Supporting Information). Differences in the total calculated
interaction energy with the addition of MP2 electron correlation
of up to 2 kcal/mol were observed compared to values without
electron correlation. Although the calculated interaction energy
was not consistently stronger or weaker for either the prolyl
C*-exo or the endo conformation, the difference between these
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conformations was slightly increased, predicting a stronger
preference for the C*-exo conformation in each of the three
cases. These increases were small, at 0.82 kcal/mol for the prolyl,
1.50 kcal/mol for the cis-4-hydroxyprolyl, and 1.85 kcal/mol
for the trans-4-hydroxyprolyl P564copp variants. The results
suggest that correlation effects may play a relatively small part in
the preference of VCB for binding the C*-exo prolyl 564copp
conformation. Importantly, in all of the model systems, the
preference for binding of the C*-exo conformation was retained,
matching the results obtained at the B3LYP level.

DISCUSSION

Although there are limitations in the currently available
computational methods, overall the results support the proposal
that the addition of a single oxygen atom to the HIF-a. ODD
substantially strengthens its binding to the VCB complex. The
calculations, using a range of computational models, also sup-
port the general mode of binding of CODD to VCB, as observed
in crystallographic analyses (/6, 23). Residue decomposition
analyses reveal that residues other than the (hydroxylated)
P3564copp are important in HIF-o0—VCB binding but predict
that hydroxylation of P564copp is sufficient to account for the
experimentally observed ~1000-fold difference in binding affinity
(equivalent to ~4 kcal/mol) for VCB between hydroxylated and
nonhydroxylated CODD. The role of prolyl hydroxylation in the
binding of HIF-a to VCB, i.e., that the selectivity of VCB for its
HIF-o binding partner is predominantly determined by binding
events arising from modifications to residue P564copp alone,
is consistent with the signaling mechanisms for binding to E3
ubiquitin ligases other than VCB, in that post-translational
substrate modification rather than interactions with unmodified
residues determines their selectivity (48).

Both the MDS and ab initio (QM/MM) calculations imply
that trans-4-hydroxylation of P564copp enables hydrogen bonds
with H115yy and SI11yyp. The lack of hydrogen bonding for
nonhydroxylated P564copp with HI1 15y and S111yyy ratio-
nalizes the pronounced selectivity for hydroxylated HIF-a in
binding to VCB. The results predict that optimal binding will
occur with H115yyy in its neutral form and with hydrogen at its
N¢atom. Notably, however, the results predict that the selectivity
for binding of hydroxylated P564copp will be maintained when
H115yyy is in its protonated form. This prediction is consistent
with experimental data showing that the selectivity for hydro-
xylated HIF-a is maintained at pH <7. Thus, our results imply
that a factor other than weakened binding to VCB is responsible
for the upregulated levels of HIF-at observed in cancer cells with
low pH values under normoxic conditions (49—351).

Further support for the important role of specific hydrogen
bonds in the binding of hydroxylated HIF-1ot P564copp to VCB
is provided by analyses of CODD variants containing prolyl
analogues, where P564copp was substituted with a trans-4-
fluoroprolyl residue (27). In this case, when H115yyy is in its
neutral state, the lack of binding of the fluorine analogue is
rationalized by the absence of a hydrogen bond with HI15y.
However, the initial modeling studies suggested that the trans-4-
fluoroprolyl analogue should bind more strongly at a lower pH
(when H115yyy is predicted to be protonated), in contrast to
experimental analyses. This discrepancy may be explained by an
increased level of competition with water for binding to pVHL
H115/S111 at lower pH values, although protonation of other
residues may also hinder binding.

Illingworth et al.

Crystallographic and biochemical analyses with P564copp-
substituted HIF-1a variants (2/) have led to the proposal that
when bound to PHD2, P564¢opp adopts the C*-endo conforma-
tion but when bound to VCB, it adopts the C*-exo conformation.
Our calculations support the idea of the C*-exo conforma-
tion being the preferred conformation of binding for both trans-
and cis-4-hydroxyproline 564copp to VCB. Use of an ONIOM
method predicts that electron correlation effects are likely to play
an only relatively small role in the selectivity of VCB for
hydroxylated P564copp, as the difference between the overall
calculated interaction energies of the C*-exo and -endo confor-
mations of trans-4-hydroxyproline was only increased by 1—2
kcal/mol with the inclusion of electron correlation effects in the
model. Electron correlation effects take into account the stereo-
electronic gauche effect, proposed to be responsible for the bias of
trans-4-hydroxyproline residues toward the C*-exo conformation
and of cis-4-hydroxyproline to the C*-endo conformation (21, 52).
However, the current calculations predict that the importance
of electron correlation in directly increasing the stability of the
hydroxylated CODD binding to the VCB complex is small,
compared to the role of the optimized hydrogen bonds to
S111yy and H115yyy; (which rely on the C*-exo conformation).

Although electron correlation appears to have a relatively
small effect on the calculated interaction energy for HIF-a—VCB
binding, it is more important in determining the ratio of
uncomplexed C*-endo and -exo conformations of substituted
proline residues. When electron correlation effects are omitted,
the calculations showed little preference for trans-4-hydroxypro-
line to adopt the C*-endo or C*-exo conformation in vacuo.
However, when electron correlation effects are included at the
MP2 level, a preference of trans-4-hydroxyproline for adopting
the C*-exo conformation was found, as observed in solution.
Overall, these calculations support proposals arising from pre-
vious work that the stereoelectronic gauche effect biases the
conformation of substituted proline variants to C*-endo and -exo
states in a regio- and stereospecific manner (21, 24, 25). We
therefore propose that trans 4-hydroxylation of prolyl residues in
HIF-a biases the conformation of the targeted prolyl residues to
the C*exo state, i.e., that the stereoelectronic gauche effect
preorganizes (53) HIF-o for binding to VCB. In the case of the
stabilization of the collagen triple helix by trans-4-prolyl hydro-
xylation, it is proposed that such residues preorganize appro-
priate backbone torsion angles for formation of a triple
helix (27, 54). In the case of collagen, multiple hydroxylations
contribute to the overall stabilizing effect; this contrasts with the
role of prolyl hydroxylation in the HIF system, where trans-4-
hydroxylation at a single prolyl residue is sufficient to signal for
HIF degradation.
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SUPPORTING INFORMATION AVAILABLE

Details of calculations on the conformational preference of
proline variants in implicit solvent (Table S1), calculated inter-
action energies of CODD with waters included in the optimiza-
tion (Table S2), version of Table 3 including the calculated
interaction energies of the residues adjacent to Hyp-564, with
waters added to the system (Table S3), version of Table 3
detailing the calculated interaction energies of Hyp-564, with
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waters added to the system (Table S4), details of repeat calculated
interaction energy calculations at the HF/6-31G* level (Table S5),
calculated interaction energies for the three-residue CODD
fragment, and for the single residue P564c-opp, calculated for
structures reoptimized at the HF/6-31G* level of theory (Table S6),
and calculated interaction energies for different variants of HIF-
o hydroxyprolyl with electron correlation effects in the prolyl
ring either included or excluded from the model (Table S7).
This material is available free of charge via the Internet at http://
pubs.acs.org.
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