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Dysfunction of human phenylalanine hydroxylase (hPAH, EC
1.14.16.1) is the primary cause of phenylketonuria, the most
common inborn error of amino acid metabolism. The dynamic
domain rearrangements of this multimeric protein have thwarted
structural study of the full-length form for decades, until now. In
this study, a tractable C29S variant of hPAH (C29S) yielded a
3.06 Å resolution crystal structure of the tetrameric resting-
state conformation. We used size-exclusion chromatography in
line with small-angle X-ray scattering (SEC–SAXS) to analyze
the full-length hPAH solution structure both in the presence
and absence of Phe, which serves as both substrate and allosteric
activators. Allosteric Phe binding favors accumulation of an
activated PAH tetramer conformation, which is biophysically
distinct in solution. Protein characterization with enzyme
kinetics and intrinsic fluorescence revealed that the C29S vari-
ant and hPAH are otherwise equivalent in their response to Phe,
further supported by their behavior on various chromatography
resins and by analytical ultracentrifugation. Modeling of rest-
ing-state and activated forms of C29S against SAXS data with
available structural data created and evaluated several new
models for the transition between the architecturally distinct
conformations of PAH and highlighted unique intra- and inter-
subunit interactions. Three best-fitting alternative models all
placed the allosteric Phe-binding module 8 –10 Å farther from
the tetramer center than do all previous models. The structural
insights into allosteric activation of hPAH reported here may

help inform ongoing efforts to treat phenylketonuria with novel
therapeutic approaches.

Human phenylalanine hydroxylase (hPAH,6 EC 1.14.16.1)
dysfunction is the primary cause of phenylketonuria (PKU,
�1:10,000 births global average), which results in neurotoxic
concentrations of the essential amino acid L-phenylalanine
(Phe) (1). hPAH catalyzes the conversion of Phe to tyrosine
(Tyr) using tetrahydrobiopterin (BH4) and molecular oxygen
as co-substrates and a nonheme iron. PKU is a highly heter-
ogeneous disorder with nearly 1,000 different disease-asso-
ciated alleles (1). hPAH is a 452-amino acid multidomain
protein that contains an N-terminal regulatory domain,
composed of an autoregulatory segment and an ACT domain
(Fig. 1A). ACT domains are a family of structurally homo-
logous elements that serve as sensors for small molecules,
often amino acids, and are named for the first three discov-
ered examples (2–4). Following the ACT domain, hPAH
contains a large catalytic domain, and a C-terminal multim-
erization domain (Fig. 1A).

PAH populates architecturally distinct multimeric confor-
mations, including a low-activity resting-state PAH (RS-PAH)
conformation, first determined for rat PAH (rPAH) (Fig. 1B)
and an activated PAH (A-PAH) conformation with high activity
(5). The ACT domain of PAH binds the allosteric Phe (at one
per ACT domain), which secures an ACT–ACT dimer, shown
in Fig. 1C, which is present only in the A-PAH conformation
(6). The equilibrium between RS-PAH and A-PAH serves to
maintain Phe levels sufficient for normal metabolism but below
neurotoxic levels (5). As Phe levels rise, the conformational
equilibrium shifts toward A-PAH; the subsequent metabolism
of Phe is accompanied by a conformational shift back toward
RS-PAH. Because Phe is both substrate and allosteric activator,
the kinetic behavior of hPAH depends upon the order of addi-
tion of reaction components; preincubation with Phe results in
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a significant increase in the initial velocity of Tyr production,
relative to hPAH that has not been preincubated.

Our understanding of hPAH recently advanced with the
determination of the crystal structure of the highly homologous
rPAH in a resting-state conformation (PDB codes 5DEN and
5FGJ (7, 8)) (Fig. 1B), along with the structure of the ACT
domain of WT hPAH in its activated form (PDB code 5FII (6))
(Fig. 1C). The latter reveals Phe bound to an A-PAH–specific
protein–protein interface, a conformation supported by NMR
(9, 10) and SAXS (7, 8). Recently, in silico work has advanced
a conformational selection mechanism (11) for the allosteric
binding of Phe. Together, these data support the hypothesis
that 1) activation of mammalian PAH minimally involves sub-
stantial movement of the N-terminal regulatory domain, and 2)
the A-PAH conformation is stabilized by Phe binding alloster-
ically to a multimer-specific binding site at the interface of two
ACT domains (12). Unfortunately, crystals of rPAH grown in

the presence of Phe have yet to provide a structure in the
A-PAH conformation (8).

rPAH has long-served as a surrogate for the biochemical,
biophysical, and structural study of hPAH due to its favorable in
vitro properties (12–14), with a wealth of data now available.
Although the hPAH and rPAH sequences are highly homo-
logous, the proteins are sufficiently different in their in vitro
properties to justify pursuit of structures of full-length hPAH
for a better understanding of PKU. One clue to the basis for the
resistance of hPAH to structural studies is a lower-fold activa-
tion of hPAH (�3) relative to rPAH (�5) when comparing
assays done with and without preincubation with 1 mM Phe
(15). This difference suggests that hPAH has a higher propen-
sity to sample the A-PAH conformation in the absence of Phe,
making it more heterogeneous under Phe-free conditions, rel-
ative to rPAH. Understanding that the mole fractions of the
RS-PAH and A-PAH conformations reflect an equilibrium, one

Figure 1. PAH structure. A, refined description of the domain structure of hPAH. The N-terminal 32 amino acids have been called an autoregulatory sequence,
which together with the ACT subdomain (residues 33–110) constitute the regulatory domain (residues 1 to �117). The N-terminal �20 amino acids are
disordered in all PAH crystal structures; residues 111–117 constitute a loop that connects the ACT subdomain to the rest of the protein. The residues between
118 and �410 have been defined as the catalytic domain. The region between 118 and 127 contains a tryptophan, whose intrinsic fluorescence changes upon
enzyme activation (43), residues 128 –148 constitute the active-site lid, and residues 137–141 are disordered in all full-length PAH structures in the RS-PAH
conformation. Residues 411– 453 have been designated as the multimerization domain based on truncation analysis. However, the crystal structure suggests
that the �-hairpin at 411– 424 might best be considered part of the catalytic domain. Residues 425 and 426 constitute a connection between this expanded
catalytic domain and a long C-terminal �-helix (residues 427– 452). The C-terminal helices form a 4-helix bundle that secures the tetramer (see B). The most
C-terminal residues are disordered in all full-length mammalian PAH structures. B, illustrated is the highest-resolution structure of full-length rPAH in the
RS-PAH conformation (7). The regulatory domains of subunit B (red) and subunit C (blue) are in bolder tones. Subunits A and D are colored gray. The interaction
between the auto-regulatory region and the catalytic domain, which partially occludes the active site in the RS-PAH conformation, is stabilized by a 2.7 Å
hydrogen bond between Ser-29 and Asp-112 (inset). C, top is a schematic of the RS-PAHN A-PAH conformational interchange using coloring as in B. Bottom
is the crystal structure of the ACT-domain dimer of hPAH with allosteric Phe bound (shown as spheres) (6). The repositioned regulatory domain in the A-PAH
conformation releases active-site occlusion (not shown).
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approach to increasing the uniformity of hPAH is to further
stabilize the RS-PAH conformation, which we have done here
by design.

We describe an hPAH variant where cysteine at position 29 is
replaced with serine (C29S). Inspection of the highest-resolu-
tion crystal structure of full-length rPAH (PDB code 5DEN;
RS-PAH conformation) allowed identification of a species-spe-
cific stabilizing intra-subunit hydrogen bond between Ser-29 in
the autoregulatory region and Asp-112 near the hinge region
between the regulatory and catalytic domains (Fig. 1B). This
substitution was predicted to introduce an RS-PAH–stabilizing
interaction by similarity to the rPAH sequence. Indeed, the
crystal structure of C29S reveals the hPAH in an RS-PAH con-
formation. Additional biochemical and biophysical analysis
demonstrates that the solution behavior of C29S mirrors that of
hPAH both in its resting and activated forms. Consistent with
the hypothesis that Ser-29 more highly favors the RS-PAH con-
formation relative to Cys-29 is a prior report that the S29C
variant of rPAH is activated relative to WT rPAH (16).

Results

Purification of hPAH and C29S

A classic affinity purification of mammalian PAH exploits
the different physical properties of the alternative conforma-
tions of mammalian PAH (17). At high Phe concentrations, the
protein has high affinity for phenyl-Sepharose resin, whereas
removal of Phe from the elution buffer causes PAH to dissoci-
ate. Relative to the high yield and purity of rPAH prepared using
this method, the yields and purity of hPAH are reproducibly
lower (12). In contrast, C29S could be obtained in good yield
and high purity with this method and retained full catalytic
activity when stored at modest ionic strength (150 mM KCl).
Analytical characterization of hPAH, C29S, and rPAH using
phenyl-Sepharose suggests that hPAH experiences a slower
conversion to the RS-PAH conformation following Phe re-
moval from the elution buffer (Fig. S1). These observations
are consistent with a prior report that the S29C variant of
rPAH impaired purification using phenyl-Sepharose (16).

hPAH and C29S are comparably active

The initial velocity of the PAH-catalyzed reaction is
higher if the protein is incubated with Phe prior to being
introduced to the assay mixture (12). The magnitude of the
difference (�/� Phe preincubation) is a function of the con-
centration of Phe and of the initial position of the conforma-

tional equilibrium (RS-PAHN A-PAH) in the enzyme sam-
ple. For this reason, PAH activity assays performed using a
preincubation of PAH with versus without Phe (often set to 1
mM) have become a standard approach to determining the
ability of a given PAH (or disease-associated PAH variant) to
become “activated.”

Table 1 reports kinetic parameters derived from activity
assays performed with and without preincubation with Phe,
using Phe concentrations in the range of 10 �M to 1 mM. The
preincubation is carried out at the same Phe concentration as is
used in the assay. We find comparable KM values for hPAH
relative to C29S, both with and without preincubation with Phe
and regardless of whether or not the protein was cleaved from
an affinity purification tag. We find hPAH undergoes an
�3-fold activation due to preincubation with 1 mM Phe,
whereas the activation for C29S is �5-fold. These observa-
tions support the design criterion for C29S, which was to
stabilize the RS-PAH conformation of hPAH. Consistent
with this idea is the observation that C29S exhibits a lower
Vmax (�Phe) relative to hPAH.

Phe stabilizes both hPAH and C29S in an A-PAH conformation

PAH’s intrinsic fluorescence is routinely used to monitor
activation and was one of the first indications that the A-PAH
conformation was significantly different from the RS-PAH con-
formation (18, 19). The intrinsic protein fluorescence for both
hPAH and C29S (Fig. 2A), both in the absence and presence of
activating concentrations of Phe, is identical to each other and
reproduces a well-documented red shift upon addition of 1 mM

Phe (20).

Analytical ultracentrifugation of C29S confirms that Phe
stabilizes tetramers

Sedimentation equilibrium (SE–AUC) analysis of C29S in
the absence and presence of 1 mM Phe provides additional
information about its self-association equilibrium. Both linear-
ized plots (Fig. 2B) and global fits (Fig. S2) of the radial distri-
butions show M̄w values as those expected for PAH in its tetra-
meric form in the presence of Phe, and intermediate values
between dimer and tetramer in the absence of Phe. In the
absence of Phe, the apparent KD value for the dimerN tetramer
equilibrium at 4 °C is 18.8 � 0.91 �M, whereas in the presence of
Phe the fit yields an uncertain value of 0.46 � 0.82 �M, which
indicates the virtual absence of dimer under these experimental
conditions (Fig. S2). In all cases, attempts to model species

Table 1
Measured kinetic parameters for the hPAH and C29S catalyzed production of Tyr from Phe
Experiments were performed with 75 �M BH4 at 25 °C, without and with a 1-min preincubation with Phe. Kinetic data were fitted to the Hill equation using SigmaPlot and
reporting standard errors.

Enzyme or condition KM for Phe Hill coefficient Vmax Fold activation

�M h nmol of Tyr�min�1�mg�1

Phe preincubation � � � � � � (V max
�Phe � V max

�Phe)
hPAHa,b 303 � 54 144 � 10 1.1 � 0.1 2.4 � 0.3 1749 � 140 5179 � 1 3.0
C29Sc,d 217 � 8 180 � 4 1.9 � 0.1 2.6 � 0.1 837 � 17 4077 � 6 4.9
C29Sb,e 391 � 45 153 � 10 1.7 � 0.2 2.5 � 0.3 1367 � 101 6919 � 209 5.1

a Data were on PAH cleaved from a His6–SUMO construct and affinity-purified with Tris buffers.
b �Phe� was at 10, 50, 100, 200, 300, 600, 800, and 1,000 �M.
c Native protein was purified using the Shiman method (17).
d �Phe� was at 10, 50, 100, 200, 300, and 1,000 �M.
e Data were on PAH cleaved from a His6–TEV construct, affinity purified with Tris buffers.
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larger than tetramer failed to yield reasonable fits to the exper-
imental data. These data are consistent with a wealth of litera-
ture supporting the notion that Phe stabilizes mammalian PAH
tetramers relative to dimers (12, 21).

Crystal structure of C29S

The overall structure of C29S in the resting state resembles
that of rPAH (7, 8), including the extensive buried surfaces that
compose the dimer and tetramer interfaces. Each of the four
ACT domains are situated in a characteristic RS-PAH confor-
mation, where they do not interact with each other. The asymmet-
ric unit is a tetramer assembled as a dimer–of–dimers that form
an irregular quadrilateral shape (Fig. S3). The shortest sides of the
tetramer contain two dimers that are twisted about a point that is
centered on the 4-helix bundle composed of each subunit’s C-ter-
minal �-helix (see Fig. 1B and Fig. S3). Each of the four active sites
of C29S are not significantly different from those observed in any
of the 13 documented crystal structures of the truncated hPAH
catalytic domain (residues 117–424) or within the full-length
rPAH structure (PDB code 5DEN). Each active site contains one
iron ion (with an average occupancy of 90%), and first coordina-
tion sphere water molecules can be modeled for all chains.

The overall quaternary architecture of C29S in the tetra-
meric RS-PAH conformation is like that of rPAH, yet there is a
more pronounced difference between the orientations of the
dimer pairs. Alignment with the catalytic domain of one chain
shows that the four chains of C29S segregate into two confor-
mations that differ at the hinge that connects the C-terminal
helix with the rest of the protein (Fig. 3A, top). Although a
similar asymmetry is observed within rPAH, alignment of the
C-terminal helices, instead of the catalytic domain, shows the
more pronounced differences between the hinge positions of
each dimer pair for C29S relative to rPAH (Fig. 3A, bottom).

The structure of C29S shows regions of apparent disorder.
Like the rPAH structure, disorder at the N and C termini, as
well as at the active-site lid, is observed, and the extent of the
disorder is different in each of the four chains of the asymmetric
unit. The disorder is most notable within the ACT domains,
where electron density for known atomic inventory is not
observed (see Table 2). The overall degree of disorder is greater
for this structure relative to rPAH (PDB code 5DEN), despite
similarities in resolution (3.06 versus 2.9 Å, respectively).
Unlike the structure of rPAH, the structure of C29S contains
additional disorder within the ACT subdomains and at the
hinge between the auto-regulatory sequence and the ACT
subdomain (Fig. 3B). We surmise that sequence differences
between rPAH and hPAH may partially underlie the disorder of
the missing inventory within the ACT domain. There are nine
residues that differ between the two species; these differences
occur at residues 60 at loop L2; 73 at L3; 82 at the �3–L4 junc-
tion; 88 and 90 at L4; and 92, 93, 97, and 100 all at �2.

Evidence for flexibility in the regulatory domains of C29S

The unexpected amount of disorder within the regulatory
domain, as evidenced by missing electron density, suggests
plasticity in the mobile loops of the ACT domain that may be
involved in allosteric regulation (11, 22). To probe the scope of
this plasticity, the final crystal structure was subjected to
molecular dynamics simulations restrained by the experimen-
tal diffraction data as implemented within phenix.ensemble_
refinement (23). The results, when inspected as an ensemble
and relative to the rPAH structure, provide an indication of the

Figure 2. Characterization of hPAH and C29S. A, intrinsic fluorescence of
WT hPAH and C29S in the absence or presence of activating concentra-
tions of Phe. B, activation by Phe promotes oligomerization of C29S.
Shown is a linearized plot of S.E. data from a single rotor speed (10,000
rpm) for 2.5 �M C29S in the absence (gray circles) and presence of 1 mM Phe
(open circles) at 4 °C. The slopes are proportional to M̄w at the given value
of r2. Shown as dashed lines are the calculated lines expected for a mono-
mer, dimer, and tetramer, respectively. See Fig. S2 for global fits to three
rotor speeds and two concentrations in each state. C, SEC profiles of C29S
in the absence and presence of saturating Phe. Black arrows indicate the
elution volume (Ve) for the following standard proteins: 1, blue dextran
(2000 kDa); 2, ferritin (440 kDa); 3, catalase (232 kDa); 4, aldolase (158 kDa);
5, BSA (67 kDa); and 6, bovine serum ovalbumin (43 kDa).
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greater mobility of the C29S ACT subdomain and the C-terminal
helices of the multimerization domain (residues �426-end) versus
the same regions in rPAH. The analysis shows that despite the two
structures possessing comparable coordinate error (0.47 Å for
rPAH and 0.5 Å for C29S), and even though the structure of C29S
contains a lower-phase error (28.7° versus 36.8° for rPAH), the
C29S ensemble appears to sample more accessible space as shown
by larger RMSD at more positions throughout the tetrameric
assembly of C29S relative to rPAH (Fig. 4).

The C29S structure was also superposed with all other PAH
structures that contain the ACT domain, and the overlay was
used to inspect the structure of C29S for regions of inferred
flexibility. Comparison of the individual ACT domains of the
Phe-bound hPAH ACT-domain dimer (PDB code 5FII (6),
which contains four similar ACT-domain conformations rep-
resentative of A-PAH), with the four ACT domains from each
of the chains in the C29S tetramer, rPAH (PDB code 5DEN),
and the 	24-rPAH-R270K variant (PDB code 5EGQ), high-
lights the conformational space available to the ACT domain.
The secondary structural elements are virtually identical
between the RS-PAH conformations of the ACT domains of

rPAH and C29S. However, there are several significant differ-
ences among the loops that connect the domain’s helices and
�-strands (see Fig. 4B). Fig. 3C highlights the flexibility of L1, a
loop that interacts directly with the allosteric effector Phe, and
is involved in the Phe-stabilized interface of hPAH ACT-do-
main dimers (6). Residues 41– 47, which constitute L1 and are
identical between hPAH and rPAH, are situated differently in
the rPAH versus C29S structures. L1 of the four ACT domains
of rPAH are in the same conformation, whereas L1 of the four
ACT domains of the C29S tetramer vary from one another, and
all are significantly different from those observed in the rPAH
structure. Consistent with this observation, Ge et al. (11) report
molecular dynamics simulations of the isolated hPAH ACT-
domain dimer (A-PAH specific) indicating that Phe binding
requires that L1 swing between open and closed positions, act-
ing as a gate to expose the allosteric Phe-binding site, and then
closing to stabilize Phe binding. Of all the various ACT-domain
conformations seen in RS-PAH (rPAH and hPAH), only one
resembles that seen in the Phe-bound A-PAH structure of an
hPAH ACT-domain dimer (PDB code 5FII); this is chain C of
the 	24-rPAH-R270K variant (PDB code 5EGQ) (Fig. 3C).

Figure 3. Flexibility within regulatory and multimerization domains of C29S. A, both C29S (left) and rPAH (PDB code 5DEN, right) are aligned on their respective
chain A at catalytic domain residues 144–410 (top) and on their respective chain A C-terminal helices (residues 426–447, bottom). The overlay of helices was created
by orienting the models such that Thr-427 is pointing out toward the reader to highlight the different spacing between the BC and AD pairs at the hinge that precedes
the C-terminal helix (see top). B, secondary structure elements of the ACT subdomain of hPAH are defined (top), highlighting the connecting loops (L1–L5), and noting
different degrees of disorder among the four subunits of tetrameric C29S. Differences in sequence between hPAH and rPAH are denoted with an underlined letter; the
two PAH proteins are 89% sequence identical through residue 111. The RMSD after alignment of C29S with rPAH on their regulatory domains (i.e. through residue 111)
is 0.76 Å. Colored magenta (bottom) are the loops that contain unmodeled, disordered segments in at least one subunit of the structure of C29S. C, four structures are
overlaid on their ACT domains (from the N-terminal most residue through residue 111), and L1 is at center. Only one chain of PDB code 5FII (isolated human PAH ACT
domains in an A-PAH conformation, with Phe bound, but not shown) and one chain of PDB entry 5DEN (the full-length rPAH structure in the RS-PAH conformation) are
shown because the comparison is identical when using any other chain in those structures. Similarly, only two chains are shown for PDB code 5EGQ; chains B and D are
identical to A at this position, whereas chain C is different from any other rPAH structure at this position.
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The backbone conformation of L4 in chain B of C29S is dif-
ferent from that observed within any other documented struc-
ture that includes the PAH ACT domain. In contrast, the con-
formations of L3 and L5 are virtually the same among all
multidomain PAH structures, but L3 has a different conforma-
tion in the isolated Phe-bound ACT-domain dimer. Specifi-
cally, L3 is the only loop within PDB code 5FII that is not iden-
tically placed at each of the four chains in the asymmetric unit
(two dimers) of that structure, with one of the four chains lack-
ing coordinates for several residues within L3. Molecular
dynamics simulations of 5FII also reveal mobility within L3
(11), which, in this case as compared with the mobility observed
in L1, is not essential to allosteric Phe binding.

SEC–SAXS analysis of C29S in the RS-PAH and A-PAH
conformations

Small-angle X-ray scattering (SAXS) was next employed to
test this crystal structure against its solution properties and to

assess the extent of the conformational change that occurs in
the Phe-stabilized transition from an RS-PAH to A-PAH
conformation, as performed previously with rPAH (7, 8, 24).
Because the reliable interpretation of SAXS data rests upon
an intimate understanding of the concentration-dependent
behavior and monodispersity of the material studied, we first
assessed C29S using size-exclusion chromatography at room
temperature.

At a modest injection concentration (�1 mg/ml) and against
known molecular weight markers, the broad elution profile of
C29S in the absence of Phe is consistent with a distribution of
distinct tetramer and dimer species at room temperature (Fig.
2C), in agreement with our observations in SE–AUC at 4 °C
(Fig. 2B). Addition of saturating Phe results in loss of the
dimeric component and a small shift in tetramer mobility (�0.1
ml earlier), consistent with the shift in Kd values observed by
SE–AUC and our previous observations with rPAH (12). The
addition of saturating Phe to C29S also results in accumulation

Table 2
Data collection and refinement statistics for the X-ray crystal structure of full-length hPAH C29S
Values in parentheses are for the highest-resolution shell.

PDB code 6N1K
Data collection

Beamline BNL-NSLS II 17-ID-1 (AMX)
Wavelength (Å) 1.008
Space group P1211
Unit cell a, b, c (Å); b (°) 72.4, 202.6, 72.6; 90, 90.3, 90
No. of monomers in asymmetric unit 4
Resolution range (Å) 36.3–3.06 (3.17–3.06)
Total no. of observations 153,999 (15,045)
No. of unique reflections 39,316 (3,885)
Completeness (%) 99.54 (98.16)
Multiplicity 3.9 (3.9)

I/�(I)� 11.5 (1.7)
R-merge§ 0.078 (0.66)
R-meas� 0.091 (0.76)
CC1/2 0.998 (0.63)
R-pim 0.045 (0.38)
Wilson B-factor (Å2) 93.6

Refinement
No. of nonhydrogen atoms 13,689

Chains A B C D

Residues modeled 21–28; 31–136; 142–446 20–29; 32–93; 86–102;
105–137; 141–448

22–136; 141–448 20–29; 33–59; 63–102;
105–137; 141–446

No. of waters 2 2 1 2
No. of Fe ions 1 1 1 1
R-work/R-free* 0.228/0.276
Twin law l, �k, h
No. of reflections in working set 39,316 (3,885)
No. of reflections in test set 1,980 (203)
Mean B-factor (Å2) 101.2
RMS deviations

Bonds (Å) 0.003
Angles (°) 0.54

Ramachandran plot (%)
Preferred 95.4
Allowed 4.6
Outliers 0

R-free is the R factor based on 5% of the data that were excluded from refinement.
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of larger molecular mass species. These larger assemblies, pre-
viously proposed to form through Phe-stabilized association of
regulatory domains between tetramers (12), were shown to
redistribute to tetramer upon removal of Phe (data not shown).
The reversible appearance of higher-order multimers and the
apparent polydispersity due to the concentration-dependent
behavior motivated our application of size-exclusion chroma-
tography in-line with SAXS (SEC–SAXS).

Synchrotron SAXS data were recorded continuously during
the elution of an injected �100 �M bolus of C29S from a SEC
column at room temperature in the presence and absence of
Phe, providing a large dataset of sequential profiles in each
state. The variation in Rg as a function of elution time provides
a robust reading of the concentration-dependent behavior of
the sample (25). In the absence of Phe, a single peak is observed
when the forward scattering extrapolated to zero-angle (I(0)) is
plotted as a function of frame number (Fig. S4A). The apparent
radius of gyration (Rg) across this series of data is relatively
constant across the peak, with apparent higher-order species
preceding the main peak. In contrast, the Phe-stabilized acti-
vated protein yields a similar primary species with comparable
Rg values, alongside a significant population of higher-order
multimers (Fig. S5A).

These datasets were analyzed in a model-free fashion using
singular value decomposition with evolving factor analysis
(SVD–EFA) (8), allowing for the decomposition of the datasets
into its minimal components with maximal redundancy; the
details of these analyses are provided in Figs. S4A and S5A.
Masses were calculated for the decomposed scattering profiles
by two different methods (Qr and Porod (26, 27), see Table 3)

and used to assign the profiles to an oligomeric form of PAH.
Deconvoluted tetramer profiles for both RS-PAH and A-PAH
conformations displayed linearity in the Guinier region of the
scattering data and agreement of the I(0) and Rg values deter-
mined with inverse Fourier transform analysis (Table 3). As
observed previously with the rat homolog (7, 8), a distinctive
change in the primary data was observed, with the evolution of
a peak feature near q � �0.13 Å�1 in the presence of Phe
(Fig. 5A). These changes in the primary data correlate with a
redistribution in interatomic vectors by shape distribution
(P(r)) analysis, consistent with the rearrangement of structural
domains (Fig. 5B).

For RS-PAH and A-PAH conformations, both Kratky plot
analysis and the Porod exponent (Table 3) indicate the presence
of compact particles in solution with no detectable flexibility or
disorder, motivating the use of single-structural models to best
describe the experimental data (28). In the absence of Phe, the
solution data closely matches the Rg and the maximum dimen-
sion (Dmax) of the full-length C29S crystal structure (Fig. 6, left).
As was the case in our prior examinations of the rPAH tetramer
in the absence of Phe (7), modeling of the missing atomic inven-
tory was necessary for the most accurate reconciliation with
the solution data at the higher-scattering angles. An all-atom
model of C29S was derived from its crystal structure using
molecular dynamics to simulate a compact coil-like structure
for missing inventory (Fig. 6, left). Without additional manipu-
lation, this model shows strong correlation with the SAXS data
(Fig. 5C). Together, these results allow us to conclude that the
crystal structure of C29S in the RS-PAH conformation very
closely resembles its solution form.

Figure 4. C29S demonstrates considerable flexibility in the regulatory (ACT) domain. Molecular dynamics simulations of C29S (this work, left) and rPAH
(PDB code 5DEN, right) using diffraction data as an experimental restraint in phenix.ensemble_refinement generated ensembles of compatible struc-
tures. Shown is the average structure of the ensemble of structures generated for each coordinate set, rendered as a cartoon putty. The thickness and
color (warm is red) of the putty at any particular position is proportional to the RMSD at that position over the ensemble relative to the average structure.
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Using SAXS to refine our understanding of the A-PAH
conformation

The year 2013 marked the realization that activation of mam-
malian PAH by Phe could require significant movement of the
entire PAH regulatory domain to facilitate formation of an
allosteric Phe-binding site at the interface of two ACT sub-
domains (12). Although then state-of-the-art models of tetra-
meric PAH did not include close proximity between ACT
domains (29), it was already established that most ACT
domains in the PDB exist as dimers and that the dimer inter-
face can form a binding site for ligands such as amino acids
(2, 3); for many years, PAH was considered an interesting
exception to this rule (30). By 2011, Fitzpatrick and co-work-
ers (9) had established that the isolated rPAH ACT domain
would spontaneously form dimers and that conformational
changes ensued in the presence of Phe. Herein, we address
three uncertainties in the quaternary model of A-PAH con-
taining a Phe-stabilized ACT-domain dimer. The first is the
architecture of the ACT-domain dimer; the second is the
extent of translation and rotation of the ACT-domain
dimers relative to the catalytic and multimerization domains
of the tetramer; and the third is the extent (in number of
residues) of the N-terminal region that is repositioned in the
RS-PAH to A-PAH transition.

ACT domain architecture

Multiple ACT-domain dimers observed in the PDB can be
described as bringing the two monomers together in a “palms-
down” conformation. In this form, the dimer contains an eight-
stranded �-sheet, most often proximal to the rest of the protein,

whereas the four �-helices of the ACT-domain dimer are posi-
tioned outward toward the solvent. This was the architecture of
the 2013 model we developed (12). There is also precedent for a
“palm–to–palm” architecture in which the ACT dimer inter-
face forms through interactions between two four-stranded
�-sheets, one from each ACT domain (4, 31). These alternative
ACT dimers are shown in Fig. 7A. Although the recently deter-
mined human PAH ACT-domain dimer crystal structure (6) is
consistent with the palms-down geometry, as had been deter-
mined for the regulatory domain of tyrosine hydroxylase (32),
herein we address whether SAXS can corroborate the palms-
down conformation in the context of the intact tetramer and
further distinguish between the palms-down and palm–to–
palm models.

We had previously reported that our 2013 model for full-
length hPAH in an A-PAH conformation does not provide an
outstanding fit to the SAXS data of activated rPAH without
manipulation (7). In this model, the modeled center-of-mass
(COM) to COM distance between the ACT-domain dimer and
the rest of the catalytic tetramer is 31.7 Å. Here, we also inves-
tigate alternative models for the A-PAH conformation, wherein
we incrementally adjust both the rotation (in 5° increments)
and translation (in 1 Å increments) of the ACT-domain dimer
relative to the catalytic and multimerization domains of the
tetramer (Fig. 7B).

To directly reconcile the available atomic inventory against
the solution data and these considerations, we constructed all-
atom models of the A-PAH conformation of C29S, using the
recently available PDB 5FII ACT-domain dimer conformation
or a homology model dimer derived from DAH7P synthase

Table 3
Parameters derived from SVD–EFA SEC–SAXS analysis of C29S

Sample
Guinier GNOM

Px
b

Mass (kDa)
qRg Rg

a Rg Dmax T.E. By Qr
c By Porodd

Å Å Å
No Phe 0.35 � 1.26 41.4 � 0.6 41.0 135 0.85 3.9 191 207
1 mM Phe 0.48 � 1.26 40.5 � 5.2 41.2 131 0.93 4.0 218 234

a Errors reported reflect the uncertainty in the value for Rg determined using classical Guinier fitting.
b Px is Porod exponent. Values near �4 indicate compactness, whereas lower values between 2 and 3 indicate significant lack of compactness and increased volumes (28).

These values were determined using the program ScÅtter (https://bl1231.als.lbl.gov/scatter/).
c Mass determinations using the Qr invariant (26) were determined using the program RAW.
d Mass determinations using the Porod volume (27) were determined using the program RAW.

Figure 5. Small-angle scattering analysis of C29S in the absence and presence of Phe. A, data were obtained by singular value decomposition-evolving
factor analysis (SVD–EFA (8)) of SEC–SAXS data obtained for C29S in the presence and absence of 1 mM Phe (see under “Experimental procedures” and Figs. S2
and S3). Shown in A is a comparison of deconvoluted SAXS data for C29S without (blue) and with (red) incubation with 1 mM Phe. Data are shown as the
superposed log–log plots of intensity as a function of q. Shown below this panel is a ratio plot where the discrepancy between the two profiles is highlighted
as a function of 1. Identical regions have a value of 1, whereas higher discrepancies will deviate from unity. B, shape distribution function analysis for C29S in
the absence (blue, resting state) and presence of 1 mM Phe (red, activated). Lower panel, 	P(r) is shown, highlighting the change in interatomic vectors that
occur upon activation of C29S with 1 mM Phe. C, complete atomistic model of C29S in the resting state derived from the crystal structure reported herein was
created using NAMD, with missing inventory simulated as compacted random coil is shown in Fig. 6 (left). This model showed strong correlation with its
solution scatter (�2 � 0.99 using the program CRYSOL).
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(PDB 3PG9), connected to the catalytic and multimerization
domain crystal structure determined here for C29S in the RS-
PAH conformation. From these starting models, an ensemble
of test structures was systematically created to probe parameter
space by varying the rotation and translation of the ACT-do-
main dimers relative to the center-of-mass (Fig. 7B). Because
two ACT-domain dimers are presumed present in an A-PAH
tetramer, the operations were performed as to constrain the
2-fold symmetry relationship across the xz plane of the catalytic
domain tetramer. For each model structure generated, its cal-
culated scattering profile and fit to the experimental data were
generated, and the best fit to the experimental data was identi-
fied by contour plots of �2

CRYSOL (Fig. 7, D–E for the palms-
down model, and G and H for the palm–to–palm model). Using
this approach, a model was derived that optimized the correla-
tion with the solution scatter in each case (Fig. 7, F and I), failing
to unambiguously discriminate a preferred dimer conforma-
tion. In these test ensembles, the best matches to the features
of these experimental data (e.g. the peak feature at q � �0.13
Å�1) correlated most strongly with the translation of the ACT-
domain dimer such that the COM–COM distance between the
ACT dimer and remaining catalytic tetramer was �41 Å;

there was a far less stringent correlation with the ACT dimer
rotation.

Linker connectivity between the catalytic and regulatory
domains

In building the original model for activated PAH (12), the
simplest model involved an �90° backbone rotation at residue
�118 to reposition the entire regulatory domain and form
an ACT-domain dimer. The proposed allosteric mechanism
included tetramer dissociation based on the reported mor-
pheein-like characteristics of PAH (33). A morpheein has been
described as a protein that can reversibly populate alternative
assemblies as a consequence of conformational changes in the
dissociated state (34). For PAH, where a tetramer– dimer equi-
librium is well-established to occur in the RS-PAH conforma-
tion (e.g. Fig. 2B and Fig. S2), conformational change in a disso-
ciated state is possible. Nevertheless, it is not obvious why
a rotation at a hinge between the regulatory and catalytic
domains would require tetramer dissociation. Here, we con-
sider whether the RS-PAH to A-PAH transition involves repo-
sitioning an additional �10-amino acid region to include all
residues N-terminal to the active site lid (residues 1–127),

Figure 6. Structures of human PAH. A, X-ray crystal structure of hPAH in the RS-PAH conformation is illustrated (PDB code 6N1K). As in Fig. 1, the
regulatory domains of subunit B (red) and subunit C (blue) are in bolder tones. Subunits A and D are colored gray. The disordered regions (missing
inventory) are shown as balls and were modeled using NAMD to reconcile the crystal structure with the solution structure obtained from SAXS analysis.
B, model of the A-PAH conformation, which contains a repositioned regulatory domain that no longer occludes the active site and contains an
ACT-domain dimer. This model, the optimization of which is extensively discussed herein, employs the crystal structure of the truncated ACT domain of
human PAH (residues 34 –111) with allosteric Phe bound (PDB code 5FII (6)). The illustrated conformation of the entire autoregulatory region is shown
as balls, as modeled by NAMD. The best-fit model contains the ACT-domain dimers at 8 –10 Å farther from the tetramer center of mass than had
previously been considered (see Fig. 7).
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wherein the mobile element swings to the opposite face of the
tetramer. The alternative structures of a monomer (trans ver-
sus cis) are shown in Fig. 7C. The large molecular motion
required to accommodate the cis possibility would necessi-
tate tetramer dissociation, as is more consistent with the
biophysical and kinetic behavior of PAH from which we first
suggested that it might fall into the category of shape-shift-

ing proteins that have been called morpheeins (33, 34) or
transformers (35).

To test whether SAXS could discriminate between the trans
versus cis architectures, a similar all-atom palms-down model
was prepared with the monomers in the cis conformation (Fig.
7, J–L). An ensemble of test structures was again generated by
the systematic rotation and translation of the ACT-domain

Figure 7. Modeling the activated form of hPAH. A, two models for the ACT-domain dimer are considered. Shown in red is the hPAH ACT-domain dimer
determined by X-ray crystallography that features an eight-stranded �-sheet (PDB 5FII (6), palms-down). Shown in orange is an ACT-domain dimer model
derived from the PDB 3PG9 structure (31), where the dimer interface is composed of two four-stranded �-sheets (palm–to–palm). B, all-atom models were
constructed where the rotation and translation of the ACT-domain dimer (dark gray) was systematically sampled in 5° and 1 Å increments, respectively,
in such a way that preserved the 2-fold symmetry plane across the xz plane. Linker regions with no known atomic structure were generated ab initio to
complete the atomic inventory (see “Experimental procedures”). The remainder of the hPAH tetramer (light gray) was templated from the X-ray structure
presented herein. These operations yielded an ensemble of theoretical models that could be tested against the experimental data. C, alternative
possibilities for the hPAH subunit structure in the A-PAH conformation are shown. On the left (purple) is the traditional, proximal, or trans-connectivity,
in which the position of residues 117–142 (spheres) is not substantially different relative to RS-PAH. For this model, the RS-PAH to A-PAH transition
includes an �90° backbone rotation at residue �117 and a repositioning/restructuring of the autoregulatory region. On the right (green) is the newly
proposed, reaching, or cis connectivity model, in which the repositioning/restructuring additionally involves residues 117–128 and the regulatory
domain swings out and is transposed to the other side of the PAH tetramer. For both images, the backbone of residues 117–128 is colored white, Trp-120
(space-filling) is red, and Cys-237 (space-filling) is orange. D, calculated scattering profiles for each model in the ensemble with the palms-down–
activated conformation were tested against the experimental data, and the best matches were identified using the �2

CRYSOL metric as a function of
rotation and translation to derive a contour plot. The best model selected is denoted with an asterisk. E, log–log plot of the calculated scattering
intensity of the best model (red line) is plotted against the experimental SAXS data (�2

CRYSOL � 0.698). F, orthogonal views of the best atomistic model
identified by this approach is illustrated. Highlighted in red is the modeled ACT domains, with the ab initio– generated linkers (residues 1–30, 111:142)
shown as red C-� spheres. G, contour plot for the ensemble of models modeled with the palm–to–palm conformation is shown. The best model selected
is denoted with an asterisk. H, log–log plot of the calculated scattering intensity of the best model (orange line) is plotted against the experimental SAXS
data (�2

CRYSOL � 0.627). I, orthogonal views of the best atomistic model identified is shown. The ACT-domain dimer and linkers are highlighted in orange,
and the ab initio– generated linkers (residues 1–30, 111:142) are shown as C-� spheres. J, contour plot for the modeling results testing the palms down
conformation is shown, but with an alternative topology of interdomain linkers (C). The best model selected is denoted with an asterisk. K, log–log plot
of the calculated scattering intensity of the best model (green line) is plotted against the experimental SAXS data (�2

CRYSOL � 0.623). L, orthogonal views
of the best atomistic model identified is shown, with the ACT-domain dimer and linkers highlighted in green and the ab initio-generated linkers (residues
1–30, 111:142) shown as C-� spheres.
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dimers (Fig. 7J). The results are shown in Fig. 7, K and L.
Although an optimal model was identified using this approach,
it could not be unambiguously distinguished from the other
two structural models derived, including �2

CRYSOL and the
COM–COM distance. In summary, solution scattering cannot
resolve the three considered features of the quaternary struc-
ture of the C29S tetramer in the A-PAH conformation. How-
ever, optimal fits suggest a significantly further translation of
the ACT-domain dimers, about 9 –10 Å farther from the cata-
lytic domains relative to the originally published A-PAH model
(12) or about 8 Å relative to an arbitrary starting model (Fig. 7,
F, I, and L).

Discussion

The X-ray crystal structure and SAXS analysis of C29S estab-
lish that rPAH and hPAH sample the same structural space,
establishing that the bulk of the extensive published data (10,
12, 20, 36 –38) on the more tractable rPAH protein is likely
applicable to understanding hPAH and human PKU. Design of
the C29S variant provided sufficient stabilization for the RS-
PAH conformation to provide a 3 Å crystal structure of an
hPAH whose only notable difference from rPAH is increased
sampling of alternative conformations within the ACT domain
and the C-terminal helices. The implied molecular motions
within the monomeric ACT domains of the RS-PAH confor-
mation are consistent with recent molecular dynamics calcula-
tions (11), although the bulk of that study was on the ACT-
domain dimer found in the A-PAH conformation. The implied
motions within the C-terminal helices are consistent with the
observed dissociation of the hPAH tetramer (e.g. Fig. S2 for
C29S). Unlike the other aromatic amino acid hydroxylases,
PAH does not contain a classic leucine zipper motif in the
C-terminal helices that secure the tetramers of this class of
proteins (39).

The most significant aspect of this study is our improved
understanding of the structure of the A-PAH conformation
through extensive modeling relative to the SEC–SAXS data on
the activated PAH tetramer. Here, we establish that SAXS can-
not discriminate between different precedented ACT-domain
dimer assemblies (Fig. 7A), although the crystal structure of the
Phe-bound hPAH ACT domain (PDB code 5FII) confirms
palms-down dimerization. More significantly, we conclude
that the SAXS data are consistent with an A-PAH conforma-
tion for which the ACT-domain dimers are �8 –10 Å more
distant from the catalytic and multimerization domains (Fig. 6,
right) than had previously been considered (6 – 8, 12, 24). The
unexpectedly large space between the ACT-domain dimers and
the rest of the protein provides potential for repositioning the
autoregulatory region and/or a large binding cavity for pharma-
cological chaperones that might selectively stabilize A-PAH.
We have previously discussed the therapeutic potential of such
molecules either alone or in concert with BH4 (Kuvan�), which
is posited to stabilize the RS-PAH conformation (5). Most sig-
nificantly, however, we present an unprecedented alternative
“cis” conformation for the monomer of activated protein (Fig.
7C), the formation of which would require tetramer dissocia-
tion as a component of PAH allostery. PAH was originally iden-
tified as a putative morpheein due, in part, to the slow nature of

its allosteric activation (12). A similar slow equilibration of
alternative quaternary structure assemblies has been estab-
lished to proceed via a rate-determining conformational
change in the dissociated state (40). Required tetramer dissoci-
ation as a component of PAH allostery would dictate the mixing
of disease-associated variants in compound heterozygous indi-
viduals living with PKU. This provides a structural rationale for
the interallelic complementation that has been reported for
PKU (41, 42).

Although future experimentation is required to discriminate
between the monomer structure possibilities illustrated in Fig.
7, they correspond to significant differences in the environ-
ments of Trp-120 and Cys-237, for which biochemical and
biophysical studies have determined increased solvent accessi-
bility upon PAH activation. Trp-120 is the residue most respon-
sible for the change in intrinsic fluorescence upon activation
(43), where the red shift implies increased solvent accessibility
(see Fig. 2A). Cys-237 has been shown to be susceptible to
chemical modification only when PAH is activated, again
implying increased solvent accessibility in the A-PAH confor-
mation (44, 45).

This study has potential for simplifying characterization of
disease-associated hPAH variants. Sophisticated contempo-
rary studies of such variants use a fusion protein with a malt-
ose-binding protein on the N terminus (46); for these stud-
ies, kinetic data are routinely reported for the fusion protein,
whereas stability studies employ hPAH from which the
fusion protein has been cleaved. We established herein that
C29S is a tractable variant of hPAH, which suggests that it
may be useful for characterization of disease-associated
variants.

Experimental procedures

Materials

All chemicals were purchased from Sigma unless otherwise
noted. Enzymes used in cloning were purchased from Agilent
and New England Biolabs.

Quantification of Phe, BH4, and Tyr stock concentrations

Phe and Tyr were dissolved in water to �150 and �2.5 mM,
respectively. The Phe concentration was determined at 257.5
nm in 0.1 M HCl using a molar extinction coefficient (�257.5 nm)
of 195 cm�1 M�1 (47). The Tyr concentration was determined
in 0.1 M HCl using �274.5 nm of 1,400 cm�1 M�1 (48). BH4 was
dissolved in 10 mM DTT to give �100 mM, and concentration
was determined in 0.1 M HCl using �264 nm of 13,750 cm�1 M�1

(49).

Construction of hPAH expression vectors

Expression plasmid pMRH160 encoding His6–SUMO–
hPAH was constructed by subcloning the hPAH gene from
plasmid pEPAH1 (13) into plasmid pETHSUL with the
ligation-independent cloning method (50). The C29S mutation
was introduced into this construct by QuikChange mutagenesis
to yield expression plasmid pMRH161. Plasmid pAHhum-
C29S encoding hPAH C29S variant was created with the
QuikChange method using plasmid pEPAH1 (13). pMRH173
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was created by using the QuikChange method to replace a Gly
codon in TEV recognition site Ser codon in plasmid pETHT
(gift from the Patrick Loll laboratory, Drexel University). The
expression plasmid pMRH174 encodes for His6–TEV–C29S,
where digestion of the fusion protein with TEV protease results
in C29S where the first N-terminal amino acid in the matured
protein to be Ser-02. The construct was created by the subclon-
ing of the PCR product from pMRH161 into BsaI-digested
pMRH173 via blunt-end ligation. The PAH gene sequences of
all plasmids were verified by standard sequencing (GeneWiz).
All primers used in the creation of these plasmids are provided
in Table S1.

Protein expression and purification

The WT hPAH and C29S proteins were expressed in E. coli
as fusion proteins with an N-terminal His6–SUMO tag that is
cleaved such that no non-native amino acids remain at the N
terminus (50). The N terminus of C29S and hPAH is Ser-02,
omitting the initiator methionine codon. This is anticipated
from similarity with mouse PAH (UniProtKB: P16331),
whereby LC-MS determined that the initiating methionine is
cleaved from the mature protein. The details of the expression
and purification of all proteins used in this study are provided in
supporting Methods.

The hPAH and C29S used for kinetic characterization were
derived from proteins with no fusion partners and free of clon-
ing artifacts that were purified using the classic Shiman method
(17), or from fusion protein constructs purified using Tris-HCl,
pH 7.4, for the nickel column procedures.

The theoretical �280 nm of 49,280 M�1 cm�1 (51) was used to
calculate the concentration of the purified hPAH and C29S
proteins. Purified protein was flash-frozen in liquid N2 and
stored at �80 °C.

Steady-state kinetics

PAH activity was measured as reported previously (11).

Intrinsic protein fluorescence

PAH intrinsic fluorescence was measured at 25.0 °C at an
excitation wavelength of 295 nm and an emission spectrum of
305– 400 nm with a PTI fluorescence system spectrophotome-
ter equipped with a USHIO Xenon Short Arc Lamp and
FelixTM for Windows software. Protein (0.5 �M monomer) was
analyzed in 30 mM Tris-HCl, pH 7.4, 150 mM KCl with and
without 1 mM Phe. Samples were preheated at 25.0 °C for 15
min before each measurement.

SEC

Analyses were performed using a calibrated Superdex 200
10/300 GL gel-filtration column (GE Healthcare) in 30 mM Tris,
pH 7.4, 150 mM KCl with and without 1.5 mM Phe with a flow-
rate of 0.5 ml/min at 22 °C. The isocratic elution of �1 mg of
injected protein was monitored continuously using UV detec-
tion at 280 nm.

Sedimentation equilibrium analysis (SE–AUC)

Analytical ultracentrifugation experiments were performed
with an XL-A analytical ultracentrifuge (Beckman-Coulter)

and a TiAn60 rotor with six-channel charcoal-filled Epon cen-
terpieces and quartz windows. S.E. data were collected at 4 °C
with detection at 280 nm for two sample concentrations in the
presence and absence of 1 mM Phe at 2.5 and 5 �M protein con-
centrations in 30 mM Tris, pH 7.4, and 100 mM KCl. Analyses were
carried out using global fits to data acquired at multiple speeds for
each concentration with strict mass conservation using the pro-
gram SEDPHAT (52). Error estimates for equilibrium constants
were determined from a 1,000-iteration Monte Carlo simulation.
The partial specific volume (v̄), solvent density (�), and viscosity (	)
were derived from chemical composition by SEDNTERP (53).

Protein crystallization

Crystals were grown from C29S (16 mg/ml) in 2 mM Tris-
HCl, pH 7.4, mixed with reservoir solutions in a protein/reser-
voir ratio equal to 1:1.25 and equilibrated using hanging-drop
vapor diffusion. The 1-ml reservoir solution initially contained
16% PEG 3,350, 100 mM bis-tris-propane, pH 7.5, and 200 mM

sodium sulfate. Crystals appeared at 22 °C within 1 day.

Structure determination

Crystals were looped for several seconds through a solution
composed of 1 part mother liquor and 1 part of a 1:1 mixture of
50% sucrose in H2O and 100% ethylene glycol (Hampton
Research) before flash-freezing in liquid N2. Data from a
single crystal was collected at NSLS-II, 17-ID-1 beamline at
Brookhaven National Laboratories. Table 2 reports the statis-
tics for data collection, processing, and model building. Data
were processed using XDS (54), and the phases were solved
using molecular replacement using the approach described by
Korasick et al. (55). Search models were generated by BALBES
(56). The two top-scoring models were derived from PDB
entries 1PHZ (57) (residues 1– 429), and 1J8U (58) (residues
103– 427). Ab initio model building as implemented within
PHENIX version 1.12 rc1–2807 (59) generated an initial model
that was 58.9% complete. Further iterative manual model build-
ing and local refinement was done using Coot version 0.8.8 (60).
PHENIX was used for further refinement, restraint generation,
and map calculations that were used for manual model build-
ing. NCS restraints (torsion-angle), conformation-dependent
rotamer libraries, and automatic optimization of atomic dis-
placement factor and stereochemistry weights were used
throughout refinement, as well as restraints for iron coordina-
tion by waters and amino acid residues at the active site. The
L-test analysis with Xtriage as implemented within Phenix indi-
cated a possible twin operator of (l, �k, h) and a twin fraction of
0.245. However, application of twin operators early in the
refinement worsened R-free by �1.3% and a widened the gap
between R-work and R-free by �12%. Therefore, during subse-
quent refinements, the twin law was not applied. In the latest
stages of refinement, application of the twin operator signifi-
cantly improved the overall refinement statistics (e.g. improve-
ment of R-free by �3.3% and a decrease in the R-free–R-work
gap by �1.2%.) in the final model. A single TLS group per chain,
Ramachandran restraints, and riding hydrogens were applied at
later stages of refinement. An iterative-built composite omit
map (61) was generated toward the end of refinement and was
used to make adjustments to backbone within regions of uncer-
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tainty. The final coordinate and phase errors are reported by
Phenix to be 0.5 Å and 28.7, respectively. All molecular struc-
ture alignments (using the all-atom align tool) were performed,
and illustrations were created using the PyMOL version 2.0
(Schrödinger, LLC). All measurements related to protein inter-
faces were performed using PDBePISA (62). PDB_redo (63) was
used at a near final stage to inspect the model and inform minor
adjustments to rotamers.

SAXS data collection

SEC-SAXS data were collected at beamline 16-ID (LiX) of the
National Synchrotron Light Source II (Upton, NY) (64). Data
were collected at a wavelength of 1.0 Å in a three-camera
configuration and yielded accessible scattering angle where
0.006 
 q 
 3.0 Å�1, where q is the momentum transfer,
defined as q � 4
 sin(�)/�, where � is the X-ray wavelength and
2� is the scattering angle; data to q 
0.5 Å�1 were used in
subsequent analyses. 100 �l of 5 mg/ml C29S was injected and
eluted isocratically at 0.5 ml/min from a Superdex 200 10/300 siz-
ing column (GE Healthcare) equilibrated in 30 mM Tris/HCl, pH
7.4, 100 mM KCl, with or without 1 mM Phe, at room temperature.
Eluent from the column flowed into a 1-mm capillary for subse-
quent X-ray exposures at 1-s intervals. Plots of intensity from the
forward scatter closely correlated to in-line UV and refractive
index measurements. C29S was activated by the addition of a 100
mM Phe stock to the protein sample followed by incubation at
room temperature for 30 min and subsequent high-speed centrif-
ugation in a table-top centrifuge before injection.

SAXS analysis

SVD–EFA analysis of the SEC–SAXS datasets were per-
formed as described previously (8) and as implemented in the
program RAW (65). Buffer-subtracted profiles were analyzed
by SVD, and the ranges of overlapping peak data were deter-
mined using EFA (66). The determined peak windows were
used to identify the basis vectors for each component, and the
corresponding SAXS profiles were calculated (see Fig. S4 and
S5 for additional details of the deconvolution process). When
fitting manually, the maximum diameter of the particle (Dmax)
was incrementally adjusted in GNOM (67) to maximize
the goodness-of-fit parameter, to minimize the discrepancy
between the fit and the experimental data, and to optimize the
visual qualities of the distribution profile. The theoretical SAXS
profiles for atomic models were created using the CRYSOL pro-
gram (68). To facilitate comparison of atomic models to small-
angle scattering data, atomistic models representing the com-
plete composition of the protein were constructed, and the
resulting model was gradually relaxed by energy minimization
in a box of water by the programs VMD (69) and NAMD (70),
using CHARMM42 force fields. The models were rendered
using the program PYMOL (71).
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