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Abstract

Protein structures are dynamic and can explore a large conformational landscapel-2. Only some of
these structural substates are important for protein function (i.e. ligand binding, catalysis and
regulation)3-. How evolution shapes the structural ensemble to optimize a specific function is
poorly understood>34. One of the constraints on the evolution of proteins is the stability of the
folded ‘native’ state. Despite this, 44% of the human proteome contains intrinsically disordered
(ID) peptide segments >30 residues in length8, the majority of which have no known function’-2,
Here we show that the entropic force produced by an 1D carboxy-terminus (ID-tail) shifts the
conformational ensemble of human UDP-a-D-glucose-6-dehydrogenase (hUGDH) toward a
substate with a high affinity for an allosteric inhibitor. The function of the ID-tail does not depend
on its sequence or chemical composition. Instead, the affinity enhancement can be accurately
predicted based on the length of the ID segment and is consistent with the entropic force generated
by an unstructured peptide attached to the protein surfacel®-13, Qur data show that the unfolded
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state of the ID-tail rectifies the dynamics and structure of hUGDH to favor inhibitor binding.
Because this entropic rectifier does not have any sequence or structural constraints, it is an easily
acquired adaptation. This model implies that evolution selects for disordered segments to tune the
energy landscape of proteins, which may explain the persistence of ID in the proteome.

ID segments can exhibit complex functions such as ligand binding, the scaffolding of multi-
protein complexes and mediating allosteric regulationl4-18, However, many ID segments are
assumed to be nonfunctional and are often removed from proteins to facilitate structural
studies. For example, the 30-residue disordered C-terminus of hUGDH (residues 465-494)
is often removed with no apparent impact on kinetic parameters!®. Here, we show that this
C-terminal segment (called the ‘ID-tail’) plays a novel role in the allosteric mechanism of
hUGDH. hUGDH catalyzes the NAD*-dependent oxidation of UDP-a.-D-glucose (UDP-
Glc) to UDP-a-D-glucuronic acidl® and is regulated by the allosteric feedback inhibitor
UDP-a-D-Xylose (UDP-Xy1)2921, Three hUGDH dimers associate to form an inactive
hexamer (E*)22-26 (Fig. 1a, b). The binding of substrate induces an allosteric switch (T131-
loop/a6 helix) in the E* hexamer to isomerize into the active state (E)22:23.26.27 (Fig. 1a, c-
e). The allosteric inhibitor UDP-Xyl competes with UDP-Glc for the active sites, and upon
binding, triggers the allosteric switch to produce the inhibited state (E?)22:24.25.27 This
inhibition mechanism is atypical in that the active site also functions as an allosteric site to
control the structure and activity of the hexamer?2-27 (Fig. 1a, c-e). The E© state has a high
affinity for UDP-Xyl and a low affinity for UDP-GIc?2:27, Because of this, the allosteric
transition of the inhibited E? hexamer to the E state can be observed as cooperativity in
substrate saturation curves2227, We compared the structure and activity of full-length
hUGDH (hUGDHgy ) to a construct lacking the ID-tail ((UGDHpp). The structures of E*
states of hUGDHg| and hUGDHp p were solved in isomorphous crystal lattices and
revealed no significant differences (Extended Data Fig. 1a-c). hUGDHg and hUGDHp
also have a similar k4;and K, for both substrate and coenzyme, consistent with earlier
reports!® (Extended Data Table 2). In contrast, the allosteric response is sensitive to the 1D-
tail; deletion of the ID-tail reduces the affinity for UDP-Xyl by an order of magnitude (Fig.
1f). The fact that inhibited hUGDHAp still binds UDP-Glc cooperatively shows that the
deletion of the ID-tail reduces UDP-Xyl affinity but does not prevent the formation of the E©
hexamer (Fig. 1f and Extended Data Fig. 2a, b).

Both the ID-tail and the a6 helix of the allosteric switch are located in the hexamer-building
interface between adjacent dimers, suggesting that these two elements may work together to
increase UDP-Xyl affinity (Fig. 1b). We used the allostery quenching A136M substitution to
see if the ID-tail functions independently of the allosteric switch; this substitution has been
shown to lock the allosteric switch and the hexamer in the low UDP-Xy! affinity, E state?2,
Inhibition studies show no significant difference in UDP-Xyl affinity between

hUGDHE| _a136m and hUGDHAa p-a136Mm, Which suggests that the ID-tail requires a
functional allosteric switch and the E state to enhance the affinity for UDP-Xyl (Fig. 1f).

The location of the a6 helix in the hexamer-building interface suggests that the oligomeric
structure might be important for the function of the ID-tail (Fig. 1b). In fact, sedimentation
velocity analyses shows that hUGDHpp E* hexamer is slightly less stable than the
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hUGDHg_ E* hexamer, which might explain the reduced UDP-Xyl affinity (Extended Data
Fig. 3a). We tested the role of the hexamer using the M11 interfacial loop substitution,
which prevents hexamer formation and stabilizes the dimer (hUGDHEg| _gimer and
hUGDHA|p-dimer)%’- UDP-Xy! binds to the h(UGDHE| _gimer With a 7-fold higher affinity
than hUGDHA|p-gimer» Which shows that the ID-tail enhanced affinity does not require the
hexamer (Fig. 1f and Supplementary Information Section 1).

The ID-tail is highly conserved in vertebrate UGDHSs (Fig. 2a). We examined the importance
of primary structure by randomizing the native sequence to create two distinct ID-tails
(hUGDHR; and hUGDHR») (Fig. 2b). Surprisingly, the hUGDHE , hUGDHRg; and
hUGDHR, constructs have similar affinities for UDP-Xyl (Fig. 2c). Next, all six prolines in
the I1D-tail were substituted with serine (hUGDH_p,o) (Fig. 2b). Because serine and proline
both promote disorder28.29, this substitution will conserve the unfolded state while
disrupting any possible proline-specific interactions. Analysis of hUGDH_p,, shows that the
prolines do not contribute to UDP-Xyl affinity (Fig. 2c). Since all of the above constructs
conserve the positive charge of the native ID-tail (p/= 10.1), we created a negatively
charged ID-tail (p/ =4.4) using lysine to serine substitutions ("(UGDH_ ) (Fig. 2b). Despite
the charge switch, there is still no significant change in UDP-Xyl affinity (Fig. 2c). Finally,
we show that the ID-tail can be replaced with polyserine (hUGDHsgg,) without significantly
changing UDP-Xyl affinity (Fig. 2b, c). Thus, the conserved primary structure is not
required for UDP-XyI affinity but may have been selected for an additional, unrelated
function /n vivo (Fig. 2a). The absence of sequence constraints argues against any
mechanism where the ID-tail specifically interacts with the inhibitor or the protein.

Next, we considered the possibility that the ID-tail might enhance UDP-Xyl affinity through
a sequence-independent interaction involving the polypeptide backbone. Because the 6
prolines in the hUGDHE , hUGDHgR; and hUGDHR, ID-tails sample 16 unique positions
throughout the sequence without altering UDP-XyI affinity, it is unlikely that a backbone
specific interaction is important for function (Fig. 2b, c). Still, if there is a backbone specific
interaction, then a plot of affinity versus ID-tail length would reveal a jump discontinuity
when the critical segment is removed. Inhibition studies comparing hUGDHg , hUGDHpp,
and three new constructs with varying length ID-tails (hUGDHyxg , hUGDH s5xg( , and
hUGDH 26xg1, hUGDH 13xg1 ) show that the affinity can be modeled as a simple
exponential decay (Fig. 2b, d). We confirmed that this saturable effect is sequence
independent using corresponding polyserine ID-tails ("UGDHge, hUGDHq 5xser,

hUGDH 2gxser, NUGDHg 13xser) and the scrambled R1 construct (hUGDHR1,

hUGDH 5xr1, hUGDHg 26xr1, NUGDHg 13xr1) (Fig. 2d). The fact that the native,
polyserine and R1 variable length ID-tails give the same results in the dynamic range of
Figure 2d should dispel any concerns of a sequence-specific mechanism. It is notable that
hUGDH 13xFL, hUGDHy 13xser and hUGDH 13xRr1 Still enhance UDP-Xyl binding affinity;
the conformations of these short, four-residue ID-tails are tightly constrained within a
surface pocket, which should stabilize any weak structure (Fig. 3a). Still, none of the E, E*
and E2 hUGDHg,_crystal structures (42 unique chains) show evidence of an ordered
interaction within the pocket (Extended Data Fig. 1 and?22:24-26),
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The data presented thus far are strong evidence that the high affinity binding of UDP-Xyl is
a function of the unfolded state of the ID-tail. An unstructured polymer tethered to a surface
generates an entropic force at the point of attachment0-12 that can be strong enough to
distort lipid bilayers3® and alter protein stabilityl3. This force originates from the volume
exclusion effects of the surface, which reduce the conformational entropy of the attached
polymer (Fig. 3b). Since the entropy of the polymer increases with distance from the
surface, the entropic force converges to a maximum value as the chain length increases10-12,
The unfavorable change in free energy produced by constraining an unstructured, non-
interacting peptide (AG onstrained) 1S

2,

AG Q_l

constrained ~

—RTln( ) (Equation 1)

where Q7 is the sum of all possible states of an unconstrained peptide and 2, is the subset of
states constrained by the protein surface and the adjacent ID-tail. Using Monte Carlo
sampling of coarse grained, sterically allowed ¢, ¢ bins, we calculated the fraction of
constrained conformations for various ID-tail lengths (see Methods, Fig. 3b and Extended
Data Fig. 5). For this simulation, the adjacent ID-tail was held in a fixed conformation
(Extended Data Fig. 5). If the conformational entropy of the ID-tail contributes to the change
in UDP-Xyl affinity, then we would expect 2,42; and the affinity constant K; to show
similar behavior with increasing length of the tail. Despite the simplicity of the Monte Carlo
model, the simulations confirm that £,/2; converges as the ID-tail length increases (Fig. 3c).

Previous studies have showed that the entropic force generated by a tethered polymer can
alter protein stabilityl3. We have carried out thermal denaturation studies of hUGDH dimers
(chosen to avoid complications arising from hexamer dissociation), and we find that the high
affinity hUGDHE| _gimer (Kj = 0.17 pM) is less stable than the low affinity hUGDHA|p-dimer
(K; = 1.23 uM) (Fig. 3d). The destabilizing effect of the ID-tail should also be reflected in
the structure and dynamics of hUGDH. To examine these changes at the peptide level, we
compared the hydrogen/deuterium exchange (HDX) rates of hUGDHE _gimer and
hUGDHa|p-dimer USIiNg mass spectrometry. As expected, the fragment corresponding to the
ID-tail is fully exchanged in less than 120 s, which is consistent with a disordered peptide3!
(Extended Data Fig. 6a). The ID-tail increases the HDX rates of several segments in NAD*
binding domain, with largest increases being observed in the allosteric switch and an
adjacent peptide (Fig. 3e-g). An increase in HDX rates for a buried peptide like the allosteric
switch and the surrounding segments indicates an increase in the overall dynamics of the
domain. This is significant, because the binding of UDP-Xyl induces the allosteric switch
and surrounding core residues to change conformation and repack into the high affinity E
state?2:27 (Fig. 1a, c-e). The ID-tail also decreases the HDX rates of several segments in the
dimerization and sugar binding domains, suggesting that these areas become more structured
(Fig. 3e, g). The largest decrease is seen for the a9 helix of the dimerization domain
(residues 222-240). This helix is largely solvent inaccessible in crystal structures, which
suggests that the 1D-tail reduces the overall dynamics of the dimer interface (Fig. 3g).
Overall, the data show that the cost of constraining the ID-tail destabilizes a low affinity
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substate, which biases the conformational ensemble toward a structurally and dynamically
distinct high affinity substate. A simple exponential fit of the £2,/42; ratios in Figure 3¢
shows that the energetic cost of constraining the ID-tail converges to approximately 2.4 kcal
mol~1 (Equation 1). Thus, our simple Monte Carlo model supports the argument that
entropic confinement effects generate sufficiently strong forces to explain the maximum
expected gain in UDP-Xyl binding affinity of —1.45 kcal/mol (Figs. 2d, 3c, and Extended
Data Fig. 5). More rigorous calculations on other systems using simpler polymer models
(and simpler confinement geometries), also find confinement free energy costs of this same
magnitude32:33,

If the ID-tail favors the dynamics associated with the repacking of the allosteric switch into
the E© state, then we would expect to see a difference in the activation (E* to E) and
inhibition kinetics (E* to E®) (Fig. 1a). Pre-steady state analysis of progress curves shows
that the I1D-tail slows the rate of activation hysteresis (E* to E) by 39% (Fig. 4a). Next, we
examined the UDP-Xyl induced isomerization of hUGDH to the E€ state. Transient-state
analysis of UDP-Xyl binding kinetics revealed a three-phase exponential decay of hUGDH
time-resolved tryptophan fluorescence, and the data were globally fit by computer
simulation (see Methods and Extended Data Fig. 7a-€). The same kinetic model produced
the best fit for both hUGDHEg and hUGDHp p and predicts UDP-XyI affinities that are
consistent with our steady state inhibition studies (Extended Data Figure 7):

kl k2 k3
E* + UDX =—E*:UDX—E":UDX=—=E®:UDX (Equation 2)
k—l k—2 k—3

According to this model, UDP-Xyl binds to the E* state and induces two, sequential
isomerizations. Based on the allosteric model, we had expected a single isomerization from
E* to the E state (Fig. 1a). We are calling the additional transient ET, which represents an
intermediate between the E* to the E® states. The ID-tail changes the kinetic parameters of
each transient observed in the time-resolved fluorescence (Extended Data Figure 7e). The
largest effect of the ID-tail is a 4.4-fold enhancement of the initial UDP-Xyl binding step,
corresponding to a —0.9 kcal mol~1 gain in affinity (Fig. 4b). The kinetic model predicts an
overall favorable gain in binding affinity of —1.3 kcal mol~1, which agrees well with the
observed gain of —1.39 kcal mol~ (Fig. 4b and Extended Data Table 2). The different
stabilities of the corresponding hUGDHg and hUGDHA p transients combined with the fact
that the I1D-tail slows activation hysteresis and accelerates inhibition kinetics, supports our
conclusion that the ID-tail alters the energy landscape to favor UDP-Xyl inhibition (Fig. 4d).

Collectively, our data supports a model in which the entropic force of the ID-tail rectifies the
energy landscape of hUGDH to favor a substate with a high affinity for UDP-Xyl. We can
now interpret the exponential curve in Figure 2d as follows:

Kl-(l) — K;mbiasede—kl + Kﬁ?iased(l _ e—kl) (Equation 3)
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i) hUGDH exists as an ensemble of low affinity (K/#"/¢d) and high affinity (K//sed)
substates; ii) the ID-tail functions as a length-dependent (/) entropic rectifier that biases (4)
the distribution toward the high affinity substate; iii) the observed UDP-Xyl affinity results
from a fractional summation of the low and high affinity substates at a given ID-tail length
(Fig. 4d). The fit to Equation 3 produces a K@% of 0.46 + 0.18 pM UDP-Xyl, which
corresponds to a maximum favorable gain in binding energy of approximately —1.45 kcal
mol-1. The lack of sequence constraints implies that the entropic force of any ID-segment is
capable of shaping the conformational ensemble of a protein. In fact, an N-terminal
hexahistidine affinity tag has been shown to alter the internal dynamics of a myoglobin34.
Thus, the persistence of low complexity ID-segments in the proteome may reflect the
selection for entropic rectifiers that can tune the function of a protein by shaping the native-
state ensemble.

METHODS:

Protein expression, purification, and quantification of hUGDH constructs.

All hUGDH sequences were synthesized and cloned into pET-15b vectors (Norclone).
Sequences contained an N-terminal hexahistidine affinity tag adjacent to a tobacco etch
virus (TEV) cleavage site. The expression and purification of hUGDH constructs were
conducted under identical conditions as previously described?2-27. Following purification,
the N-terminal hexahistidine tag was cleaved with TEV protease. An additional immobilized
metal affinity column (IMAC) was used to obtain the pure, His tag free protein. Unless
otherwise noted, all proteins were dialyzed into a storage buffer [25 mM Tris pH 8.0 and 50
mM NacCl] and concentrated to = 20 mg/mL. Proteins were quantified in dilution replicates
(V= 6) using their respective molar extinction coefficients that is based on their specific
amino acid composition3®,

Protein crystallization, data collection, and structure solution.

To crystallize the E* conformation of hUGDHpp, the protein (10.4 mg/mL) was dialyzed
into 20 mM MES pH 5.6, 150 mM NaCl and crystallized at 20 °C using free interface
diffusion in a 1.0 mm capillary containing 5 pL of 10.4 mg/mL enzyme and 200 pL of
precipitant solution (100 mM MES pH 6.2, 100 mM MgCl,, and 16% PEG 3350). Crystals
were cryoprotected in the precipitant solution supplemented with 18% glycerol and then
plunged into liquid nitrogen. A 2.64 A resolution data set was collected on the 22-1D
beamline (SER-CAT) at the Argonne National Lab using an MAR 300 mm CCD detector.
The data were processed in space group C2 using XDS36 and 5% of the data were set aside
for cross-validation3”. The crystal parameters and data collection statistics are summarized
in Extended Data Table 1. The structure was solved by molecular replacement using the
PHENIX software suite38 and hUGDH (PDB entry: 3TF5) as a search model. The structure
was then subjected to iterative cycles of manual rebuilding using COOT3? and automated
refinement using PHENIX with both NCS restraints3840. B-factors were refined using TLS
as implemented in PHENIX. Refinement statistics*142 are summarized in Extended Data
Table 1.
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The EQ hUGDHg,_ was crystallized in the presence of 5 mM UDP-xylose and 10 mM
adenosine di-phosphate at 25 °C using the hanging drop vapor diffusion method. 1 uL of
protein was mixed in a 1:1 ratio with reservoir solution (0.1 M HEPES pH 7.2, 14% 1-6-
hexanediol, and 10% PEG 3350). Crystals were cryoprotected in the precipitant solution
supplemented with 20% glycerol and then plunged into liquid nitrogen. A 2.0 A resolution
data set was collected on the 21-1D beamline (SER-CAT) at the Argonne National
Laboratory (Argonne, IL) using a MAR 300 mm CCD detector. The data set was processed
using XDS38 and 5% of the data were set aside for cross validation3’. The data collection
statistics are listed in Extended Data Table 1. The E? hUGDHg, structure was solved by
molecular replacement using the Protein Data Bank (PDB) entry 2Q3E as a search model in
PHENIX38, and refined as described above. Refinement statistics*142 are summarized in
Extended Data Table 1.

Steady state kinetics.

All steady state kinetic assays were conducted as previously described?2-27, Briefly, assays
contained either 100 nM hUGDH [FL, FL-A136M, AID, AID-A136M, R1, R2, -Pro, -Lys,
0.13xFL, 0.26xFL, 0.5xFL, 2xFL, 0.13xSer, 0.26xSer, 0.5xSer, Ser, 0.13xR1, 0.26%R1, or
0.5xR1] or 500 nM hUGDH [FL-dimer, AID-dimer] in a standard reaction buffer [50 mM
HEPES pH 7.5, 50 mM NaCl, and 5 mM EDTA] with either saturating amounts of NAD™* or
UDP-Glucose (purchased from Sigma). Substrate and enzyme were incubated separately at
25 °C for 5 minutes, and then reactions were initiated by rapid mixing of both solutions.
Progress curves were obtained by continuously monitoring NADH production at 340 nm
(molar absorptivity coefficient of 6220 M~1cm™1) on an Agilent 8453 UV/Vis spectrometer
equipped with a Peltier temperature controller (25 °C). hUGDH progress curves display
hysteresis, thus the observed initial velocity (1) represents a transient and does not satisfy
steady state conditions. To obtain steady state initial velocities (vs), progress curves prior to
the depletion of 10% substrate were fit to Frieden’s equation? as in previous studies22:27:43:

t

Pt)y=v t—z(v,—v)(1—e ) (Equation4)

where < is the relaxation time of the lag, and the length of the lag is ez. The v, was used for
determination of hUGDH steady state kinetic parameters. Data were fit using nonlinear
regression analysis in PRISM (GraphPad Software Inc., San Diego, CA).

Because the hUGDHFL_AlggM’ hUGDHA|D_A136M, hUGDHFL—dimer and hUGDHAID—dimer
constructs do not exhibit hysteresis, the observed initial velocity was used for the
determination of steady state parameters as previously described?2. UDP-GIc substrate
saturation curves were fit to Equation 5.

koo E,JIS] _
Vo= % (Equation 5)
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As previously reported?2:23.27 the NAD* saturation curves of the hUGDH hexameric
enzyme display negative cooperativity and were fit to sigmoidal rate equation (Equation 6) :

kcat[Et] [S]h

=———— (Equation 6)
(Kos)" + 181"

The determination of the K for the allosteric inhibitor UDP-Xylose has been previously
described?2:27, Briefly, data were globally fit to the model for competitive inhibition with
cooperativity (Equation 7)using PRISM.

k. [ES1"
Vo= el EJUST where KP = KM(I + ﬂ) (Equation 7)

(k3P + 151" .

1

K kean and Kjwere shared parameters in global fitting, while /2 was fit locally to each
curve. The hUGDH dimers (hUGDHE| _gimer and hUGDHA|p_dimer) €Xhibited mixed
inhibition with respect to both UDP-Glc and NAD*, and were globally fit to (Equation 8).

[1]
1+4
(KPP E,|1S] . ( K.)
= M where kZPP = A and KPP =K, : (Equation 8)
(K3") + 8] (1 + ) (1 + L)
@k, WK,

Here, Kjrefers the competitive inhibition component, and a K gives the noncompetitive
contribution. Ky, k.a; a and Kjwere shared parameters global fitting.

Sedimentation velocity.

Sedimentation velocity analysis was conducted as previously described?2-27, Briefly,
hUGDH constructs were dialyzed >12 hr at 4 °C into (25 mM HEPES pH 7.5 and 150 mM
KCI) and diluted to a final concentration of 9 uM. In ligand-bound studies, hUGDH
constructs were dialyzed with comparable amounts of either substrate (UDP-GIc) or
allosteric inhibitor (UDP-Xyl) for > 24 h. Samples were loaded into cells equipped with 12
mm double-sector Epon centerpieces and quartz windows. The cells were then loaded into
an An60 Ti rotor and equilibrated to 20 °C for 1 h. Sedimentation velocity data were
collected at 50,000 rpm in an Optima XLA analytical ultracentrifuge for 8-12 h. Data were
recorded at 280 nm in radial step sizes of 0.003 cm. SEDNTERP#4 was used to estimate the
partial specific volume of all hUGDH constructs, and the buffer density (1.00726 g/mL) and
viscosity (0.01018 P). SEDFIT#° was used to model and fit all data. Data were modeled as a
continuous sedimentation coefficient (¢(s)) distribution. The baseline, meniscus, frictional
coefficient, and systematic time-invariant, and radial invariant noise were fit46.
HYDROPRO*" was used to predict s-values based on crystal structures. The expected drag
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from the ID-tail was estimated by calculating the expected s-values from crystal structures
with and without modeled, energy minimized ID-tails. The data fits for all experiments can
be found in Extended Data Figure 3.

Evolutionary rate analysis.

79 UGDH sequences from vertebrates were used for analysis after removing redundancy at
the organism level (only one UGDH sequence used per organism). The protein sequences
were aligned using MUSCLE?8, and rates of evolution at each alignment position was
calculated under the JTT model*® using MEGA7 (log-likelihood method)®C. The rates were
normalized such that the average rate of evolution was 1.0 across the entire protein. Residue
positions evolving faster than average show a rate greater than 1.0. In Extended Data Fig. 4,
only the rates at alignment positions where the human UGDH did not have an indel were
used.

Monte Carlo sampling.

The free energy cost of tethering an unstructured, non-interacting peptide to an impenetrable
surface depends on the ratio of all constrained and unconstrained states:

Q
2 .
AG ostrained = RTIH(Q_l) (Equation 1)

Where Ris the gas constant, 7 is temperature, £2; is the number of all possible states of an
unconstrained, self-avoiding peptide and Qs the number of the ©; states that do not
conflict with the constraint imposed by the protein surface. To simplify, we used polyserine
peptides, ignored sidechain entropy and used a hard sphere potential along with 166 coarse
grained ¢,y bins to calculate ©2; and £,. Each bin represents a 10°x10° range of ¢,y values
of peptide conformations in the ‘allowed’ region of the original Ramachandran map
(Extended Data Figure 5a, b). This calculation is nontrivial for large polymers, and an
exhaustive grid search of all conformations was only conducted for the 3- and 4-residue ID-
tails (Extended Data Figure 5c¢). We used the following Monte Carlo procedure to estimate
the fraction of surface-constrained conformations (£2,/42;) for each ID-tail. To determine the
self-avoiding 2; mesostates, we randomly assigned one of the 166 ¢,y bins to each ¢,y
torsion angle in the ID-tail and then looked for steric clashes within the conformer using the
‘outer limit” for atomic clashes as described in the original Ramachandran map®. Next, each
of ©; mesostates was analyzed for steric clashes with the surface or the adjacent ID-tail
(Extended Data Figure 5d-1). Prior to the simulation, hydrogens were added to the hexamer
structure using reduce program®2, and an adjacent ID-tail was modeled in an extended
conformation and fixed during the simulation (Extended Data Figure 5d-f). The simulation
was stopped when a minimum of 124,000 self-avoiding conformers were analyzed and the
ratio of surface-constrained conformations (£2-/42;) reached convergence (Extended Data
Figure 5¢). The convergence threshold was defined as a change in the cumulative ratio of
less than 107> within a window of 5000 trials. All runs reached convergence except for the
10-mer simulations, which only converged to 2 decimal places (Extended Data Figure 5c-I).
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We estimated the accuracy in our Monte Carlo simulations by comparing the results to the
full grid search of the 3- and 4- residue ID-tails (Extended Data Figure 5c).

Thermodynamic shift assay.

Solutions of hUGDH [FL-dimer or AID-dimer] at 0.1 mg/mL were prepared with 5X
SYPRO Orange ThemoFluor (ThermoFischer) in the standard reaction buffer (50 mM
HEPES pH 7.5, 50 mM NaCl, and 5 mM EDTA). Samples were then briefly spun and
allowed to equilibrate for 20 minutes. The thermal denaturation experiments were conducted
in replicates (V= 3) and data was acquired using a Bio-Rad MiniOpticon Real-Time gPCR
machine. A fluorescence excitation spectrum wavelength between 470-505 nm and an
emission spectrum between 540-570 nm were used. The fluorescence emission for each
solution was recorded every 30 seconds as the temperature was increased from 25 to 80 °C
(ramp speed of 0.5 °C/sec). Baselines were subtracted from the raw data using the buffer
control experiments. Data were fit to a Boltzmann sigmoidal curve (Equation 8) to obtain the
apparent 7 values®3.

Plateau — Baseline
Tm -X

1 + 10 Slore

Y = Baseline + (Equation 9)

Hydrogen-Deuterium Exchange Mass Spectrometry.

Studies have shown that Hydrogen-Deuterium Exchange (HDX) is an appropriate probe for
protein dynamics and can illuminate differences between wild-type and mutant proteins®#95,
HDX is a powerful tool for foot-printing the solvent accessible regions of a protein®, and
was utilized in this study to compare structural and dynamic changes between the dimerized
versions of hUGDH (hUGDHEg|__gimer and hUGDHA p_gimer)-

Proteins were expressed and purified in the Wood Lab as previously described?2-27. Proteins
were then flash frozen and shipped overnight on dry ice to the Gross Lab at Washington
University in St. Louis for HDX MS analysis. Protein solutions (2 uL) were continuously
labeled at 25 °C by adding 20 pL of 10 mM HEPES buffer that contained 99.9% deuterium
oxide (pD = 7.4). Samples were quenched by adding 33 pL of 8 M Guanidine Hydrochloride
and 100 mM TCEP (final pH = 3.0) at 30 s, 1 min, 2 min, 15 min, 1 hr, and 2 hr time
points®”®8, One minute after quenching, samples were flash frozen in liquid nitrogen and
stored for less than 36 hours at —80 °C. Control samples contained 10 mM HEPES in water
rather than deuterium oxide. Each sample was thawed seconds prior to LC-MS analysis. On-
line protein digestion was performed with a custom-packed pepsin column (2 mm x 20 mm)
at a flow rate of 200 puL/min in 0.1% trifluoroacetic acid. For desalting, a Zorbax Eclipse
XDB-C-8 trap column (2.1 x 15mm, 3.5 um) was used to trap peptic peptides for 3 min.
Following this, peptides were separated using a Hypersil Gold C-18 analytical column (2.1 x
50 mm, 2.5 um), 4-80% gradient of acetonitrile with 0.1% formic acid (B), and a 100
uL/min flow rate. Peptides were detected using a LTQ XL Orbitrap mass spectrometer
(Thermo Fisher Scientific), with a mass resolving power of 50000, m/z 400. Additional
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parameters were spray voltage of 5 kV, capillary temperature of 275 °C, capillary voltage of
49V, and a tube lens of 163 V. All experiments were conducted in quadruplicate.

As a prelude to HDX, protein mapping was conducted by identifying pepsin-digested
peptides. Product-ion mass spectra were collected in the data-dependent mode, picking the
six most abundant ions from selected MS/MS. Peptides were identified using Mascot
(Matrix Science, London, UK). Following HDX, mass spectra were analyzed with HDX
Examiner (Sierra Analytics, Modesto, CA). Percent deuterium (%D) uptake was plotted
against time for h(UGDHE| _gimer and hUGDHA|p_dimer- TO magnify slight, yet significant
changes in uptake, the cumulative differences in HDX for hUGDHE| _gimer VErsus

hUGDHA p-dimer Were calculated. These values were plotted alongside 3 times the error
propagation for all measurements of both variants for each peptide, after the data and error
were normalized - divided by the number of time points considered for each data point
(Extended Data Fig. 6). The propagation error for each peptide is equal to the square root of
the sum of all squared standard deviation values for collective time-dependent measurements
of hUGDHE| _gimer and hUGDHA|p-dimer- The cumulative %D uptake was compared to 3
times the propagation error. Differences that were greater than 3 times the propagation error
were noted as regions of change affected by the presence of the ID-tail. We chose to
normalize the data to be more inclusive of peptides with low intensity that are found at most
time points. In like manner, we have excluded those peptides that have avoided detection for
more than two time points.

Stopped-Flow Analysis of hUGDH Hysteresis.

The allosteric activation (E* to E) of hUGDH can be observed as a lag (hysteresis) in
progress curves?227 (See Extended Data Figure 7f for examples). The allosteric activation
rates for h(UGDHE (V= 6) and hUGDHp p (V= 6) were monitored at 25 °C using an
Applied Photophysics SX20 stopped flow spectrophotometer. Enzyme solutions contained
500 nM hUGDHg_ or hUGDHpp in the standard reaction buffer [50 mM HEPES pH 7.5,
50 mM NaCl, and 5 mM EDTA]. This solution was rapidly mixed with an equal volume of
standard reaction buffer that contained both substrate and cofactor. The mixed solution
contained 250 nM hUGDHg or hUGDHp p, with saturating amounts of both substrate and
cofactor. The progress of the reaction was monitored by NADH production, with the
absorbance reading at 340 nm being acquired every 10-15 ms. Progress curves were fit to
Equation 4 to determine the length of the lag in enzyme activation (E* to E). The mean and
standard deviation of the hysteretic lags were derived from 6 or more progress curves.

Transient State Kinetics of UDP-Xyl Binding.

Stopped-flow fluorescence studies were conducted at 25 °C using an Applied Photophysics
SX20 stopped flow spectrophotometer with a dead time of ~1.2 ms. Syringes were loaded
with 500 nM of hUGDHE, or hUGDHp and variable concentrations of UDP-Xyl, and then
rapidly mixed. The change in intrinsic tryptophan fluorescence was continuously monitored
using an excitation wavelength of 290 nm and an emission filter with a cutoff below 320 nm
(Extended Data Fig. 7). Fluorescence decay curves were averaged from experimental
replicates (V= 4) for each concentration in the series. Raw data was corrected for the inner
filter effect using the molar absorptivity at both the excitation and emission of UDP-XyI°°,
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Data were globally fit using computer simulation with KinTek Global Kinetic Explorer
program (KinTek Corp., Austin, TX)8%:61 Multiple input models based on the known
structural states were tested, and the best fit model was determined using confidence contour
analysis®2. Microscopic rate constants and errors are reported in Extended Data Fig. 7e. Fit
data and confidence contours can be found in Extended Data Fig. 7a-d.

Extended Data

a E* Hexamer (top view) b E* Hexamer (side view)

Extended Data Figure 1|. The crystal structures of hUGDHE_ and hUGDHp|p show no
significant structural deviations, and structural evidence for UDP-Xyl binding in the NAD™ site.

a-b, Structural overlay (r.m.s.d = 0.385 A) comparing the hUGDHE,_ (cyan) and hUGDHup
(grey) E* hexamers, and ¢, monomers. PDB entries for hUGDHE and hUGDHpp are 4RJT
and 5W4X (this work, Extended Data Table 1), respectively. d, Crystal structure of native
hUGDH with UDP-Xyl bound in the active site. Difference density map (Fo-F¢) of UDP-
Xyl (chain B) calculated at 2.0 A resolution and contoured at 3.50. The map was calculated
after omitting the UDP-Xyl and subjecting the model to simulated annealing. e-I, UDP-Xyl
can also bind weakly to the NAD* binding site of native hUGDH. Difference electron
density maps (Fo-Fo) were calculated as in d. The uracil and xylose in the NAD* binding
sites were contoured at 3.5 and 3o for chain A (panels e and f, respectively), chain B (panels
g, h), chain D (panels i, j), and chain E (panels k, I). Chains C and F do not contain UDP-
Xyl in the NAD™ binding site. UDP-Xyl binding in the NAD* site is the source of mixed
inhibition observed in the hUGDHE| _gimer and hUGDHA|p-dimer CONStructs. (see
Supplementary Information Section 1). PDB entry: 5VR8 (this work, Extended Data Table
1).
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Extended Data Figure 2|. Steady state kinetic analysis of all hUGDH constructs.
a-x, Inhibition studies with the allosteric inhibitor UDP-Xylose. Data from 2 or 3

independent rate curves were globally fit to the Equation 7 (or Equation 8 for dimers c-f)
using nonlinear regression (7= 26 data points). See Extended Data Table 2 for the specific

number of data points and fit parameters. Dashed lines indicate 95% confidence intervals. y-

kk, NAD* substrate saturation curves fit to Equation 6 using nonlinear regression (7= 10
independent data points). See Extended Data Table 3 for the specific number of data points
used in global fitting.
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Extended Data Figure 3|. Sedimentation velocity studies of the hUGDH constructs.
a-s, Plots of the ¢(s) distributions with oligomeric species labeled as (H)examer, (T)etramer,

(D)imer, and (M)onomer. The R2 mutant (panel h) shows no change in UDP-Xyl affinity
(Fig. 2¢), yet shows evidence of a less stable hexamer. Panel s was included to show that the
less stable hexamer in Panel h is due in part to the K465D substitution in the hUGDHR,
construct. The K465D substitution introduces an unfavorable negative charge near E460 in
the hexamer interface, which may reduce the stability. t, Relative distributions, s-values (S)
and the r.m.s.d’s for all sedimentation velocity experiments.
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UGDH_HUMAN_(Homo_sapiens) b Modifications to the ID-tail sequence

UGDH_CHICK_(Gallus_gallus)
UGDH_MOUSE_(Mus_rmusculus)
UGDH_RAT_(Rattus_norvegicus)
UGDH_BOVIN_({Bos_taurus)
UGDH_PONAB_(P ongo_abeli)
ACA091SPQ6_SAVES_(Pelecanus_crispus)
LEIGDS_9CETA_(Bos_rmutus)
ACAOS10YET_SGRUI_(Mesitornis_unicolor)
AQAOP 7X9A6_ITELE_(Scleropages_formosus)
G1LBUZ_AILME_(Ailuropoda_melanoleuca)
AQAOQ3PV43_AMAAE_(Amazona_aestiva)
UZIXHS_ANAPL_(Anas_platyrhynchos)
AOAD9INHMI_APAVI_(Apaloderma_vittatum)
AQAOBTR3R1_APTFO_(Aptenodytes_forsteri)
WSLQKS_ASTMX_(Astyanax_mexicanus)
ADAQBTV3IV1_BALRE_(Balearica_regulorum)
AOA091GT46_BUCRH_(Buceros_rhinoceros)
UZEAD4_CALJA_(C allthrix_jacchus)
K4FS34_CALMI_(C alorhinchus_mili)
E2R311_CANLF_(Canis_lupus)
AOADS1L3UZ_CATAL_(C athartes_aura)
HOV3EL_CAVPO_(Cavia_porcellus)
AOADAOAGTS_CHAVO_(Charadrius_vociferus)
M7B289_CHEMY_(Chelonia_mydas)
AQAODSRWK1_CHLSBE_(Chlorocebus_sabaeus)
ADAO9LF 7vS_CORBR_(Corvus_brachyrhynchos)
Q90%XP7_DANRE_(Danic_reric)
M3WBQ9_FELCA_(Felis_catus)
U3K3N1_FICAL_(Ficedula_albicollis)
AOAD93IMS4_FULGA_(Fulmarus_glacialis)
G3PURZ_GASAC_(Gasterosteus_aculeatus)
6353)3_ GORGO_(Gorilla_gorilla)
AQAOILNWUE_HALAL_(Haliaeetus_albicilla)
G5C3UE_HETGA_(Heterocephalus_glaber)
F7D253_HORSE_(Equus_caballus)
13LZS7_ICTTR_(Ictidomys_tridecemlineatus)
H3A5S21_LATCH_(Latimeria_chalumnae)
AQAODIIPYB1_LEPDC_(Leptosomus_discolor)
WSMZES_LEPOC_(Lepisosteus_oculatus)
GSE6U4_LOXAF_(Loxodonta_africana)
GTPSF7_MACFA_(Macaca_fascicularis)
G1NI62 MELGA_(Meleagris_gallopavo)
ACAOSLR728_MERNU_(Merops_nubicus)
F7AQE4_MONDO_(Monodelphis_domestica)
M3Y3IWE_MUSPF_(Mustela_putorius)
LSMSF4_MYODS_(Myotis_davida)
GLP2TE_MYOLU_{Myetis_lucifugus)
UBCPHO_MEOWVI_(Neovison_vison)
ACAOSLUWY 3_NIPNI_{Nipponia_nippon)
G15517_NOMLE_(Nomascus_leucogenys)
ADADILIXDTE_OPIHO_(Opisthocomus_hoazin)
13)R18_ORENI_{Oreschromis_niloticus)
FERM31_ORMNAN_(Ornithorhynchus_anatinus)
H2LM25_ORYLA_(Oryzias_latipes)
HOWQZ4_0TOGA_| Otolermur_garnetti)
H20PCS_PANTR_{Pan_troglodytes)
ADADIEMY 79_PAPAN_(P apio_anubis)
K7F)46_PELSI_(Pelodiscus_sinensis)
AOAO93R3J4_PHACA_(Phalacrocorax_carbo)
AOADSLUBRO_PHORE_(Phoenicopterus_ruber)
AOAD93GCES_PICPB_(Picoides_pubescens)
13LIM2_PIG_(Sus_scrofa)
AOAQ9EMST6_POEFO_(Poecilia_formosa)
LSJZD7_PTEAL_(Pteropus_alecto)
AQAO9I3PLL3_PYGAD_(Pygoscels_adeliae)
G1SP48_RABIT_(Oryctolagus_cuniculus)
WS5PQLO_SHEEP_(Ovis_aries)
ACADSKTH1_STRCA_(Struthio_camelus)
HOZETS_TAEGU_(Taeniopygia_guttata)
H2TGT7_TAKRU_(Takifugu_rubripes)
AQAD93CM45_TAUER_(Tauraco_erythrolophus)
H3C)82_TETNG_(Tetracdon_nigroviridis)
L8Y630_TUPCH_(Tupaia_chinensis)
QS6RIS_XENLA_(Xenopus_laevis)
QEDIGE_XENTR_(Xenopus_tropicalis)
M4ASES_XIPMA_(Xiphophorus_maculatus)
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Extended Data Figure 4|. The ID-tail is conserved in vertebrates.
a, ClustalO sequence alignment of all vertebrate UGDH ID-tail regions (79 total). Residues

are colored by type, where blue is positive charge (K, R, H), red is negative charge (D, E),
peach is hydrophobic (A, V, L, I, M), orange is aromatic (F, W, Y), green is hydrophilic (S,
T, N, Q), yellow is cysteine (C), and magenta is special (P, G). b, The ID-tail was
extensively randomized and modified. Sequences of hUGDH (FL, R1, R2, -Lys, -Pro, and
Ser) aligned by position and colored by residue type. c, Relative evolutionary rate of UGDH
residues from the alignment of 79 vertebrate sequences. The ID-tail (red dots) begins at
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residue 465 and displays a ~3-fold higher rate of divergence than the folded portion of the
protein (black dots). For clarity, only a small, representative segment of the folded protein is
shown (residues 460-464). All rates were scaled such that the average rate is 1.0 across the
entire dataset.

180

b Values for the @ W ranges used in Monte Carlo Simulations

135 Allowed Regions ¢-range y-range Number of
Conformations
a0
e 1 -155° to -55° 90° to 180° 110
Y o 11 -125° to -55° -65° to -45° 24
~45 1 -155° to -125° | -65° to -55° 8
=90 v 40° to 60° 15° to 85° 24
= 166 (total)
-180 A—————
-180-135-90 -45 0 45 90 135 180
€ Monte Carlo Simulation Results
Tail /0 (93} Qo/ AGeonstrained (kca]-rno]"] 3
(M.C.)! (Exhaustive Search)’
3 047 124075 0.52 0.446
4 0.30 124876 0.29 0.709
5 0.22 125697 - 0.905
6 0.15 124838 - 1.134
8 0.06 479271 - 1.612
10 0.03 150112 - 1.98

d

Meonte Carlo calculation (see text and methods). @, and 0 are the numbers of unconstrained and surface-constrained

conformations, respectively.

“The difference between the grid search and the MC results are a measure of accuracy of the latter
'"Equation 1 (see text)

[Eoimer 1 Surface

[Coimer 2 surface

[E10-tail model

W Aiewed

[l visaliowed by other 10-tail
[l visatiowed by protein surface

Extended Data Figure 5|. Exhaustive Monte Carlo simulations constraining the I1D-tail.
a, Dashed lines outline the traditional, generously allowed regions of the Ramachandran

plot, while the red circles identify the conformations used in the MC simulations. b, The
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ranges of ¢ and y angles depicted in panel a. The 10°x10° bins are centered on the first and
last numbers in the range. For example, in Region 1, first ¢,y bin (-155°, 90°) and
represents the ¢-range —155° to —145° and the y-range 85° to 95°. ¢, Ratio of ID-tail
conformations constrained (Q,) to the number of conformations when the ID-tail is
unconstrained (Q4). The entropic cost of confining each length tail was calculated using
Equation 1.d-e, The results of the 10-residue ID-tail simulations, shown in a surface
representing the hexamer-building interface (orange and grey dimers) with the adjacent ID-
tail (cyan) that was fixed during simulations. Also depicted is a representative sampling of
20 allowed Q, conformations (blue sticks) from the 4,503 identified in the Monte Carlo
simulation. f, The same view as panel e, but without the protein surface. g-i, Same as in d-f,
but now including a sampling of 20 of the 3,002 Q; conformations (red sticks) that clash
with the fixed adjacent ID-tail (not depicted for clarity). j-1, Same as g-i, but including 750
of the 142,607 Q4 conformations (tan sticks) that clash with the protein surface.
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Extended Data Figure 6|. The ID-tail induces global changes in the structure and dynamics of
hUGDH.

a, The %D uptake of the ID-tail peptide region (Residues: 457-492; red closed circles)
saturates rapidly, which is consistent with an unfolded peptide3!. For comparison, two
peptides corresponding to the well-ordered a9 helix region (open blue squares and circles)
saturate slowly. Data are the mean + s.d. of independently replicated time points (n=4). For
some points the standard deviation is less than the dimensions of the data symbol. b. The
normalized cumulative changes in the hydrogen-deuterium exchange rates (NUGDHEg| _dimer
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- hUGDHA|D-dimer)- Most of the kinetics measurements consisted of six independently
replicated time points (7= 4), processed to give the mean exchange (red, blue or green bars).
Approximately 5% of the data displayed low Signal/Noise or was missing, and in those
cases the means were derived from = four time points. Results were normalized by dividing
by the number of measurements. The propagation error for each peptide is equal to the
square root of the sum of all squared standard deviation values for the collective
measurement of hUGDHE| _gimer and hUGDHA|D-dimer.
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Extended Data Figure 7|. Transient state analysis of hUGDHE|. hUGDHA | p.
a-b, Transient state analysis of UDP-Xyl binding Kinetics using intrinsic protein

fluorescence. Six independent progress curves (colored traces) at different inhibitor
concentrations were globally fit (black line) to the allosteric inhibition model (see Fig. 4b, ¢)
for hUGDHE and hUGDHp p. Each progress curve was replicated (7= 4) with similar
results, and the final kinetic model was refined against the averaged progress curves (see
panel e for fit parameters). c-d, Confidence contour plots depicting how constrained each
globally fit parameter is relative to one another for all progress curves in panels a-b
(parameters are listed in panel ). e, Table of the microscopic rate constants from global
fitting of the progress curves described in panels a-b above. The best fit and standard error
(SE) were obtained from global nonlinear regression based on the numerical integration of
rate equations for the described model (see text and methods). Upper and lower limits were
obtained from the confidence contour analysis. Ky = (K;K2K3™L, where K),= k/k.p. f,
Enzyme hysteresis is observed as a lag in progress curves. Representative progress curves
(of /=6 independent measurements) of both hUGDHEg_ (cyan) and hUGDHpp (grey) are fit
to Equation 4(black line). Curves are displayed with the y-axis offset for clarity. Final results
for all replicate curves are displayed in Figure 4a.

Extended Data Table 1|

Data collection and refinement statistics

Data collection

Protein Data Bank Entry 5W4X 5VR8
E* hUGDH,p E® hUGDHg,
Space group Cc2 P12,1
Unit cell dimensions a,b,c () 178.19, 114.07,97.24  89.08, 196.49, 111.26
(116.9°) (111.9°)
Completeness (%) 99.9 (91.1)% 93.2 (60.0)%

No. reflections 324,675 2,730,154

Redundancy 6.4 (6.1) 12.3(10.3)

I o(l) 21.9 (1.5) 14.9 (2.5)

ccmb 99.9 (64.9) 99.7(79.3)

Rineas(%6) 6.5 (122.5) 13.2(89.3)

Refinement

Resolution (&) 2.65 2.00

Ruwork / Riree 0.19/0.23 0.16/0.19

No. atoms: Protein / Ligand / Water 10887/33/36 21584/394/1097
B-factors (A?): Protein / Ligand / Water 89.9/97.4/64.3 33.2/27.1/32.3
Stereochemical Ideality
Bond lengths (A2) 0.004 0.008
Bond angles (°) 0.75 0.91
¢,'¥ Preferred (%)d 98.98 97.8
¢, 'Y Additionally allowed (%) 1.02 2.2
¢, ¥ Disallowed region (%) 0.0 0.0
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a\/alues in prentices are for the highest-resolution shell (2.71-2.64 and 2.0221-1.9994 for 5W4X and 5VR8, respectively).

b . . . .
CC1/2 is the percentage of correlation between intensities from random half-data sets

cRmeas is the redundancy-independent merging R factor#2
Extended Data Table 2|

Kinetic Parameters of all h\UGDH constructs”

41

hUGDH Kt Koot K;UDX auDG®  AAG®  #of Data Points’
(UDP-Glc, uM) (sh (UDP-Xyl,uM) (kcalsmol1)

AID 17.809 074001  544+055 e 0.00 42
FL 12.7+06 084001  052+0.04 - -1.39 38
R1 12.9£1.0 082001  06040.06 ----- -131 59
0.13xR1 128+12 104001 2594024 e -0.44 40
0.26xR1 124+10 104001 1814018 - -0.65 42
0.5%R1 11.140.8 104001 1094008 - -0.95 47
R2 437+36 074001 0784007 - -1.15 50
-Lys 30.1+19 054001 0294003 -~ -1.73 39
—-Pro 13.140.9 09001 0722007 - -1.20 26
0.13xFL 18.80.9 104001 2764015 e -0.40 46
0.26xFL 183407 084001 1994012 - -0.60 42
0.5xFL 18.80.9 09001 112008 - -0.94 50
2xFL 15207 062001  030£0.02 - -1.72 43
0.13xSer 169+ 10 094001  267+024 - -0.42 49
0.26%Ser 18410 09001 1762018 - -0.67 43
0.5%Ser 174+13 084001 1094010 - -0.95 49
Ser 17.81.0 0.7+001  06040.05 - -131 53
AID-dimer 286 % 27 012001 123+0157 2212 0.00" 36
FL-dimer 83.242.2 014001  0172001% 3615 117" 50
AID-A136M 9.9+0.6 032001 4204051 - 0.007 30
FL-A136M 8506 072001 4414037 e 0.037 55

a . .. . . .
Kinetic parameters and associated standard errors (+) for all constructs were derived from global analyses of data in
Extended Data Fig. 2

b .
One catalytic turnover of UDP-GIcA produces two molecules of NADH per cycle

[,‘(1 describes the mode of mixed inhibition (Equation 8). An a > 1 in the UDP-GIc saturation curves shows that UDP-Xyl
binds preferentially to the allosteric binding, and secondarily to the coenzyme binding site

Competitive Kjfrom the fit to the mixed inhibition Equation 8

61Change in UDP-Xyl binding free energy (kcal-mol‘l) of hUGDH constructs relative to hUGDHA|D (AAG = RT

K.C onstruct

In(—

1

KA

)-

f . - .
Change in UDP-Xy! binding free energy relative to the hUGDHA|D-dimer

gChange in UDP-Xyl binding free energy relative to the hUGDHAID-A136M

hThe number of independent data points used in global analysis (see Methods).
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Extended Data Table 3|
NAD* kinetic parameters for h(UGDH?

hUGDH KM Ko,sb Hill Kcat® UDX aNAD® #of Daga
(NAD*, mM) (NAD*, mM) (h) (shH (Ki, uMm) Points

L I 0.8+0.20 08+01 09+0.08 18
AID e 0.3 +0.06 06+0.1 0.7 £0.03 12
FL-dimer 2.0+0.26 0.1+0.01 2104 0.9+0.2 37
AID-dimer 3.2+0.10 0.2 +£0.01 3.6+0.8 0.6 +0.2 47
Rl eememeeeeee- 0.4+0.03 0.9+0.1 0.7 £0.01 17
R2 e 0.8 +0.14 0.7+0.1 0.7 £0.01 15
-Lys - 29061 0.8+0.1 0.6 £0.04 10
—Pro = —emeemmeeeee- 0.5 +0.06 06+0.1 1.2 +0.03 12
0.13xFL  -m-mmemeemee- 0.4 +0.03 0.7+0.1 1.0 £0.03 13
0.26xFL  ----mmemee- 0.2+0.03 0.8+0.2 0.8 £0.05 11
05%XFL  =mmemeeeeee- 0.3 +0.03 0.9+0.1 0.9 £0.02 12
2XFL e 1.4 +0.31 0.8+0.1 0.9 +0.01 18
0.13xSer ~ --m-mmmeeee- 0.9 +0.24 0.7+0.1 1.2 +0.10 12
0.26xSer  -=m-mmmeee- 1.0+0.27 07+01 1.1+0.09 15
0.5xSer  —-mmmemeee 1.2+0.34 07+01 1.1+0.09 13
Ser 1.3+0.19 0.7+01 1.0+0.04 13

a,. . . . .
Kinetic parameters and associated standard errors (z) for all constructs were derived from global analyses of data in
Extended Data Fig. 2

bHexameric hUGDH displays negative cooperativity with NAD* binding, which indicates a mix of high affinity and low
affinity sites23-28 previous work, we showed that the native hUGDHF Kg,50f 0.8 mM NAD™ corresponds to a mix
of high and low affinity sites of (Kp70f 88 uM and 1.8 mM, respectively)23. This is consistent with the published Kgof 30
UM for the coenzyme24.

cOne catalytic turnover of UDP-GIcA produces two molecules of NADH per cycle

da describes the mode of mixed inhibition (Equation 8). An a < 1 in the NAD™ saturation curves show that UDP-Xyl
binds preferentially to the allosteric binding, and secondarily to the coenzyme binding site.

eThe number of independent data points used in nonlinear regression (see Methods).
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Figure 1]. The role of the ID-tail in allosteric inhibition of hUGDH.
a, Unliganded hUGDH forms an inactive (E*) hexamer. UDP-GIc (green) induces the

Allosteric
Inhibition

1.59

1.0 +

0‘5-

0.0

Dimers

Thr131-loop/a6 allosteric switch (yellow spheres and magenta ribbons/surface) to slowly

isomerize into the active (E) state. UDP-Xyl (red) competes with UDP-GlIc for the active

site, and induces the allosteric switch to slowly isomerize into the inhibited (E®) state. The

slow isomerizations are due to the repacking of the allosteric switch in the protein

core?2:24.2527 Because the ID-tail is disordered in the E, E* and E states (Extended Data
Fig. 1 and?2:24-26) e have modeled energy minimized conformations of the ID-tail (cyan)
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onto the structures of hUGDH to depict the proximity to the active site, hexamer-building
interface and the allosteric switch. b, Top and side view of the hUGDH E* hexamer that
forms from the association of three dimers (orange, grey, yellow)22-27, The ID-tail of each
dimer is located near two allosteric switches in the hexamer-building interface. c-e, The
allosteric switch (magenta) is buried in the protein core (grey shading), which changes
conformation in the E, E* and E® states. The Thr131 (yellow sticks) responds to the
presence or absence of the C6’0OH in UDP-Glc (green) or UDP-Xyl (red), respectively. This
response shifts the a6 helix (magenta cylinder) in the hexamer building interface, which
rotates the adjacent subunit (orange) to produce the E or E hexamer, as appropriate. Red
circles depict hydroxyl (OH) groups. f, The UDP-Xyl affinity depends on the ID-tail and
allostery. Data are the globally fit K;+ the standard error derived from 2 or 3 independent
rate curves with varying amounts of inhibitor (7= 31 independent data points; see Extended
Data Table 2 for specific values).
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Figure 2|. Structural constraints of the ID-tail.
a, WebLogo (http://weblogo.berkeley.edu) representation of the 30-residue ID-tail sequence

(res #: 465-494) from 79 vertebrate UGDHSs (Extended Data Fig. 4a, b). Residues are
colored according to type, and the height of each residue represents the relative frequency. b,
Sequence modifications made to primary structure of the ID-tail (Extended Data Fig. 4b).
Asterisks identify positions in sequence that are sampled with a proline residue in either
hUGDHg , hUGDHRg1, or hUGDHRg,. ¢, UDP-Xyl affinity is independent of the I1D-tail
sequence. Data are the globally fit K+ the standard error derived from 2 or 3 independent
rate curves with varying amounts of inhibitor. See Extended Data Table 2 for the specific
number of independent data points (7= 27). d, The affinity for UDP-Xyl depends on the
length of the ID-tail. Data are the globally fit K+ the standard error derived from 3
independent rate curves with varying amounts of inhibitor (7= 38 independent data points;
see Extended Data Table 2 for specific values). For some points the standard error is less
than the dimensions of the data symbol. The data were fit to Equation 3(solid line) with 95%
confidence intervals indicated (dashed lines). The fit predicts a maximum affinity of 0.46
+0.18 uM, corresponding to a free energy change of —1.45 kcal mol-L.
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Figure 3|. The entropic force of the ID-tail alters the structure of hUGDH.
a, Cut-away of the hUGDH surface (grey spheres) at the hexamer building interface (dashed

lines) depicting the modeled ID-tails (cyan and yellow spheres) from adjacent subunits
(grey, Chains A and F). The volume exclusion effects of the hexamer building interface
tightly constrains the conformations of the first four disordered residues (465-468) of the
ID-tail (yellow). b, The left panel depicts a representative subset of the surface constrained
conformations of a 10 residue ID-tail (blue sticks) from Monte Carlo sampling (see Methods
for details). The adjacent ID-tail is shown as cyan spheres. The right panel is a representative
sampling (tan sticks) of accessible conformations without surface constraints (also see
Extended Data Figure 5). ¢, The fraction of constrained ID-tail conformations (£2,) over the
possible conformations of a free ID-tail (£2;) exponentially converges with increasing ID-tail
length. The data were fit to an exponential decay (Extended Data Fig. 5¢). d, The ID-tail
destabilizes hUGDH by 3.5 °C. e, Comparing HDX rates between hUGDHEg| _gimer and
hUGDHA|p-dimer USiNng mass spectrometry shows that the 1D-tail (cyan) alters the structure
and dynamics of hUGDH. Peptides showing increases (red), decreases (blue) and no change
(grey) in HDX rates are mapped to the structure. UDP-Xyl (grey spheres) was not used in
the assay but is modeled in the active site. The Thr131 of the allosteric switch is shown as
yellow spheres. f, Close-up view of the allosteric switch (Thr131/a6 helix), which shows an
increase in HDX rates. g, Close-up view of the of the dimerization domain, which is largely
solvent inaccessible. Data portrayed in e-g were derived from the normalized cumulative
%D uptake comparing hUGDHE| _gimer and hUGDHA|p-gimer (Extended Data Figure 6).
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Figure 4|. The ID-tail shapes the conformational landscape of hUGDH.
a, The ID-tail increases the hysteresis of allosteric activation (E* to E). Data are mean * s.d.

(=6 independent experiments). b, Free energy plot of the transient-state kinetic model for
the allosteric inhibition (Equation 2) of hUGDHEg (E*g) and hUGDHa p (E*AlD). See
Extended Data Figure 7e for errors derived from confidence contour analysis. The free
energy for the initial binding step (2nd order) was determined using the standard state
defined in units of mM, and the two isomerization steps (1st order) were calculated from
Keg- d, Plot of the high and low affinity fractional components of Equation 3, showing the
shift in states is a function of ID-tail length.
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