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ABSTRACT: Substrate recognition is one of the hallmarks of
enzyme catalysis. Enzyme conformational changes have been
linked to selectivity between substrates with little direct evidence.
Aldolase, a glycolytic enzyme, must distinguish between two
physiologically important substrates, fructose 1-phosphate and
fructose 1,6-bisphosphate, and provides an excellent model system
for the study of this question. Previous work has shown that
isozyme specific residues (ISRs) distant from the active site are
responsible for kinetic distinction between these substrates.
Notably, most of the ISRs reside in a cluster of five surface a-
helices, and the carboxyl-terminal region (CTR), and cooperative
interactions among these helices have been demonstrated. To test
the hypothesis that conformational changes are at the root of these
changes, single surface-cysteine variants were created with the
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cysteine located on helices of the cluster and CTR. This allowed for site-specific labeling with an environmentally sensitive
fluorophore, and subsequent monitoring of conformational changes by fluorescence emission spectrophotometry. These labeled
variants revealed different spectra in the presence of saturating amounts of each substrate, which suggested the occurrence of
different conformations. Emission spectra collected at various substrate concentrations showed a concentration dependence of
the fluorescence spectra, consistent with binding events. Lastly, stopped-flow fluorescence spectrophotometry showed that the
rate of these fluorescence changes was on the same time-scale as catalysis, thus suggesting a link between the different
fluorescence changes and events during catalysis. On the basis of these results, we propose that different conformational changes

may be a common mechanism for dictating substrate specificity in other enzymes with multiple substrates.

B INTRODUCTION

Since the concept of induced fit was first proposed, biochemists
have considered protein conformational changes important for
catalysis."”” Although the effects of induced fit have historically
focused on the conformation at the active site, it is becoming
increasingly evident that conformational changes occurring in
regions distant from the active site also play an important role
in catalysis and in dictating substrate specificity.” > Studies
using a combination of fluorescence, computer modeling,
mutagenesis, NMR, and crystallography have shown the
importance of such conformational changes in the function of
a number of enzymes. For example, in the case of dihydrofolate
reductase (DHFR), backbone and side-chain motions are
essential for cofactor binding, substrate binding, and catalysis.s’é
Thus, the innate mobility of the protein scaffold allows the
dynamics that are critical in the various steps of the catalytic
cycle. Indeed, extensive studies of hydrogen transfer in proteins
are consistent with the concept that protein dynamics create
transient conformations with a favorable electrostatic environ-
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ment for proton and hydride transfer.”” In the case of proline
isomerase, the enzyme adopts alternate conformations and the
rate of switching between these conformations correlates with
changes in rates of catalysis.® However, how such dynamics
affect substrate specificity has never been elucidated. In
particular, how different rates of turnover for different
substrates are achieved via different conformational pathways
has never been demonstrated.

Like many enzymes that must distinguish among various
substrates, the glycolytic enzyme aldolase can cleave either
fructose 1,6-bisphosphate (Fru 1,6-P,) during glycolysis or
fructose 1-phosphate (Fru 1-P) during fructose metabolism.
The differing importance of these two processes in diverse
tissues is likely one root of the evolutionary pressure for the
divergence of three different isozymes in mammals, aldolases A,
B, and C. These three isozymes show differences in specificity
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Scheme 1. The Uni-bi Aldolase Mechanism®
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“Fru is either Fru 1,6-P, or Fru 1-P. Non-covalent (®) or covalent (=) bonds to E are indicated. G3P is glyceraldehyde 3-phosphate, Gald is

glyceraldehyde, DHAP is dihyroxyacetone phosphate.

toward these two hexoses that reflect their physiological roles in
the tissues in which they are expressed.” The uni-bi aldolase-
catalyzed cleavage reaction can be divided into two half-
reactions'® (Scheme 1). The first half-reaction involves hexose
binding, ring—opening,ll C—C bond cleavage using covalent
catalysis via a Schiff base, and release of the first product, an
aldotriose. The second half-reaction involves enamine proto-
nation, hydrolysis of the Schift base, and release of the second
ketotriose, dihydroxyacetone phosphate (DHAP). Notably, the
second half-reaction is chemically identical for both hexose
substrates, and the last step, DHAP release, is rate limiting for
Fru 1,6-P, cleavage.'”"® For Fru 1-P cleavage, this second half
reaction is likely the rate-limiting step as well,"* yet the rates of
cleavage (reflected in k., values) of these two hexoses can differ
by 10—20 fold.” This results in an interesting conundrum: how
do identical second half reactions operate at different rates?
Herein, a model that conformational changes account for the
differences in the k., values for the different substrates, realized
in the second half-reaction but initiated by binding in the first
half-reaction, is tested.

Insights into this paradox and the role that conformational
changes may play have been considered previously for
aldolases.">'® In particular, oxidation of two nonadjacent Cys
residues (>10 A apart) curtails aldolase A activity, and the two
substrates protect against this inactivation to different
extents.'”'” Support for the connection between cysteine
oxidation and activity loss comes from analysis of an engineered
variant of aldolase A without any surface Cys residues, which is
resistant to oxidative inactivation.'®

Despite the differences in specificity, the crystal structures for
all three isozymes show superimposable active sites'”*’ and
there is no observable difference in conformation in the
presence and absence of substrates, except for the structure of
the CTR.”""** Further understanding was gained from studies of
the evolutionarily conserved isozyme-specific residues (ISRs),
which are necessary and sufficient for isozyme-specific kinetic
behavior.>® Aldolase ISRs are far from the active site, largely on
the surface, and cluster into two patches (a distal surface patch
(DSP) and a terminal surface patch (TSP)), which map to a
previously unappreciated cluster comprising a five a-helical
bundle (a2, a3, a4, a13, and a14) plus the CTR. The closest
ISR residues are >8 A from any active-site residue. While not
interacting directly with the active site, the ISRs in the TSP and
DSP appear to be codependent in defining k_,./K,, values for
each substrate.'” Could these patches be involved in differential
conformational changes that participate in defining substrate
specificity?

Herein a refinement of the model proposed above is tested;
specifically, does the substrate-dependent conformational
flexibility of the a-helical cluster explain the kinetic differences
between substrates? In addition, the rates of conformational
changes of elements within the patches may reveal a
mechanism for how these enzyme dynamics are involved in

the aldolase catalytic cycle. Nonconserved residues in the a-
helical bundle in the DSP and TSP were empirically chosen for
modification to report on environmental changes when
adducted with a conformation-sensitive fluorescent probe.
The fluorescently labeled proteins were subsequently studied
using ensemble methods for changes in fluorescence in the
presence or absence of each hexose; Fru 1,6-P, or Fru 1-P. The
magnitude of fluorescence changes was different with each
hexose, suggesting a mechanism by which aldolase substrate
specificity is conferred by these differential conformational
changes. Dependence of the fluorescence changes on substrate
concentration indicated that binding events are linked to the
conformational changes. The rates of these dynamic transitions
were measured by stopped-flow fluorescence and the data
showed these dynamics were within the time scale of the
catalytic cycle and differ markedly between substrates.
Together, the detected fluorescence differences were correlated
to conformational changes that differed depending on the
substrate used, and had rates of change that could explain the
conundrum of the aldolase half reactions discussed above. This
work suggests that aldolase may distinguish between substrates
by differing substrate-triggered conformational changes.

B EXPERIMENTAL SECTION

Site-Directed Mutagenesis and Variant Construction. Specific
nucleotide changes were made in rabbit aldolase A cDNA sequences
via site-directed mutagenesis as previously described.”>** Cysteine
mutations were made at residues S45, F57, A72, S131, K311, V320,
1328, Q347, and P344 on a “cys-lite”-aldolase A variant (gTet) that
has alll 7f(2)}1r surface Cys substituted by Ala in the expression plasmid
pPBL. "

Protein Expression and Purification. Variant aldolases were
expressed in Escherichia coli and purified at 4 °C as described
previously.”® Briefly, cells expressing the variant aldolases were pelleted
and washed with a 0.15 M NaCl solution. The cells were resuspended
in 250 mM MOPS, pH 7.0, 10 mM EDTA, 2 mM DTT, 1% (v/v)
glycerol, 0.1 ug/mL pepstatin A, 0.1 mg/mL DNase I, 0.1 mg/mL
RNase A, and 2.5 mM PMSF and lysed using a French Press at 20 000
psi. Two rounds of centrifugation at 37 000g and 50 000g cleared the
lysate. The soluble fraction was subsequently treated with 70%
saturated ammonium sulfate, the resulting pellet was resuspended in
MGK buffer (50 mM MOPS-glycine-KOH, pH 7.0 (except at pH 6.5
for purification of variant K311C), and 0.1 mM DTT), and the
solution dialyzed overnight in MGK. The dialyzed sample was bound
to CM Sepharose Fast Flow resin, washed with MGK buffer, and
eluted using 2.5 mM Fru 1,6-P, in MGK. Fractions were pooled and
brought to 70% saturation in ammonium sulfate and 2 mM DTT and
stored at 4 °C. Before use proteins were dialyzed against 100 mM Tris-
HC], pH 8.4, and 0.1 mM DTT.

Assay for Aldolase Activity. Aldolase activity for hexose cleavage
was measured at 30 °C using a coupled assay that monitors the rate of
NADH oxidation at 340 nm.”**’ Aldolase was added to the reaction
mixture (50 mM triethanolamine, pH 7.4, 10 mM Na-EDTA, 0.001%
(v/v) glycerol-3-phosphate dehydrogenase/triosephosphate isomerase,
0.15 mM NADH) at 0.8 yg/mL for Fru 1,6-P, assays and 15 ug/mL
for Fru 1-P assays. Substrate concentration was varied between 1 and
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Figure 1. Sites of MDCC-labeling on the aldolase monomer. A single monomer (PDB: 1ADO, subunit A) is depicted in two orientations rotated by
90° on the y-axis. Sites on the aldolase monomer that were chosen for individual site-directed mutagenesis to create a cysteine substitution for
subsequent attachment of a fluorescent probe are shown in red sticks. The TSP is shown in transparent purple surface rendering of a-helices 2, 13,
and the CTR. The DSP is shown in transparent green surface rendering of a-helices 3, 4, and 14. The active site is marked by a cyan stick depiction

of K229, including the polar hydrogens. Figure created using VMD.*

1200 uM for Fru 1,6-P, and 1 and 10 mM for Fru 1-P. Protein
concentration was determined as described by Bradford.”®

Assay for Thiol Groups. Dithiothreitol was removed from
samples by gel filtration using BioGel P6DG and diluted to 1 mg/
mL in 100 mM Tris-HCl, pH 8.4. Protein (0.1 mL) was added to a 96-
well plate containing 0.1 mL of 3 mM DTNB in 100 mM Tris-HC],
pH 9.4. The reaction was allowed to incubate for 5 min at 25 °C and
absorbance at 412 nm was recorded. To quantify both buried and
surface thiol groups, the protein solution was first incubated with 1%
(w/v) SDS for 15 min and then treated as above. The number of
sulthydryls present on the proteins was determined using & = 13 600
M em™.

Fluorescent Labeling. Labeling reactions were carried out in
GET buffer (50 mM TEA-HCI, pH 8.0, 20% (v/v) glycerol, 2 mM
EDTA). Proteins were labeled with MDCC by either of two methods
with no significant differences in labeling efficiency or product quality
observed. Proteins were first dialyzed against GET containing 0.5 mM
DTT for 6 h, then with no DTT for 2 h, and any remaining DTT was
subsequently removed by gel filtration using BioGel P6DG. The
protein was then diluted to 50 M in 1 mL of GET buffer. MDCC was
added dropwise while constantly stirring over 5 min to a concentration
of 0.25 mM and incubated in the dark at 25 °C while stirring. After 14
h, the reaction was quenched with S mM DTT and excess fluorophore
was removed by gel filtration using BioGel P6DG. Otherwise, proteins
were labeled using a protocol adapted from Kim et al. (2008).”°
Briefly, 2 mg of aldolase in 70% ammonium-sulfate slurry was
incubated for 2 h or overnight in S mM DTT. The protein was then
centrifuged at 13 000g for 10 min at 4 °C. The pellet was washed three
times using ice-cold GET buffer with 70% (NH,),SO, (GETAS
buffer). The pellet was resuspended in 1 mL of GETAS containing S00
#M MDCC and allowed to incubate for 2 h at room temperature while
stirring. The reaction was quenched with S mM DTT and the excess
fluorophore removed by gel filtration using Toyopearl HW-40F
equilibrated with GET. Proteins used for bulk fluorescence measure-
ments in the fluorimeter were resuspended in a final solution
containing glycerol (a component of GET), whereas the samples used
in the stopped flow experiments were resuspended in a final solution
containing no glycerol (ET buffer) to avoid artifact signals due to
incomplete mixing as a result of the viscosity of the solutions.
Substrates were dissolved in the corresponding buffers. The
incorporated label was calculated using &40 of 5 X 10* M~ cm™
and the percent incorporation was calculated from the moles of
protein present.

Fluorescence Spectra. Spectra were taken by exciting at 419 nm
in a FluoroMax 3 fluorescence spectrophotometer using 1 cm quartz
cuvettes with 3 mm slit width. The emission spectra were collected
from 430 to 530 nm with 4 mm slit width in 0.5 nm increments with
0.1-0.5 s integration time and data was collected using DataMax
software. Each assay used 40 ug of enzyme (0.5 yM), diluted in 2 mL
in the GET buffer described above. Alternatively, a 3 mm glass cuvette

was used with 2 ug of protein in a final volume of 200 L (0.25 uM).
All spectra were averaged over six recordings and repeated 2—6 times.
At 4 °C, starting from a Fru 1,6-P, concentration of 0.5 mM, the
equilibrium concentration of Fru 1,6-P, will be 0495 mM. The
equilibrium lies far toward the hexose (K.q =1 X 10™* M). Thus, only
S uM trioses are present at equilibrium, and most of the starting
substrate remains a hexose. Furthermore, with 40 yg of enzyme (0.5
uM), and a turnover number of ~5 s~ (see Table S3), the rate would
be 2.5 #M/s; thus, equilibrium was reached in 2 s. Lastly, the variants
in both the TSP (K311C, $45C), DSP (ES7C, A72C, L320C, and
V328C), and the S131C control were tested for fluorescence changes
either in intensity or A, in the presence of products, DHAP, G3P, or
glyceraldehyde (1—S0 mM). In all cases, no significant changes were
observed. Thus, the observed changes in the presence of hexose
substrates are not due to the effect of product.

Stopped-Flow Data Collection and Analysis. Stopped-flow
data was collected on a Hi-Tech KinetAsyst Stopped-Flow System or
an Applied Photophysics DX.17MV instrument equipped with the
Pro-Data upgrade. Either instrument had a dead time <2 ms. For
example, the DX.17MV has a dead time of 0.85—1.37 ms depending
on the light guide, with a time resolution of 1—10 measurements/ms.
Protein was injected at a final concentration of 3 yg in 150 uL against
150 puL of ET buffer or substrate at 4 °C (final enzyme concentration
of 0.25 uM). Excitation wavelength was 419 nm, and a 4SS nm filter
was used for emission collection. Calibration to set the zero-time
values were performed with enzyme alone and adjusted to 100 or 200
artificial fluorescence units (AFU). The data of observed fluorescence,
I(t), at time t, is assumed to be a linear combination of the response
from each conformational state (Ry) of the protein, multiplied by its
relative concentration, X(t):

I(t) = Ry-A(t) + Ry'B(t) + R-C(t)

Time course data was analyzed by fitting to multiple kinetic models.
Because of the clear biphasic behavior of the K311C toward Fru-1,6-P,
data, implicating three distinct fluorescent states, both two and three-
state mechanisms were considered: (1) nonreversible two-state, (2)
reversible two-state, (3) a nonreversible three-state, (4) three-state
with a rapid equilibrium first step followed by an irreversible second
step, and S) an irreversible heterogeneous model (Figure S2A). Each
time course was fit to each model using the program DynaFit (BioKin
Ltd.), assuming 100% of species A at time zero, and setting the
fluorescent response of species A (R,) to the average fluorescence
obtained from the fluorescent mutant without ligand. All other
response values and kinetic constants were fit to the data using a
Levendsen—Marquardt minimization algorithm in DynaFit. The best
fit scheme was determined by smallest y* value and observation of
residual plots, while overdetermined results were discarded. The fits
are shown in Figure S2B.
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Figure 2. Fluorescence emission spectra of MDCC-labeled variants in the DSP and S131C. The emission spectra of the fluorescently labeled
proteins are shown for the conditions: no substrate (black), Fru 1,6-P, (blue), and Fru 1-P (red). (A) FS7C, (B) A72C, (C) L320C, (D) V328C,
and (E) S131C. Insets showing the corresponding site of substitution are depicted as in Figure 1. Substrates were used at concentrations of 0.5 mM
for Fru 1,6-P, and 10 mM for Fru 1-P. Enzyme concentration was (0.5 M). Spectra were normalized to the maximum emission signal of the no
substrate condition for each variant to give relative fluorescence units. Errors noted by bars at the emission maxima are given as 1 SD.

B RESULTS

Substrate-Dependent Fluorescence Changes Indicate
Conformational Flexibility of ISR Patches. The mechanism
by which the two patches of ISRs cooperate to confer substrate
specificity could be explained by different conformational
changes after substrate binding, depending on which substrate
is encountered. From previous research, we identified the TSP
and DSP as regions of interest'” and identified residues that
could be used to probe possible conformation changes. The
TSP (Figure 1, purple) and DSP (Figure 1, green) are >9 A
apart at their closest point in all X-ray-crystal structures. The
occurrence of conformational changes was probed by attach-
ment of the fluorophore 7-diethylamino-3-[ N-(2-maleimidoeth-
yl) carbamoyl]coumarin (MDCC), which could report on
changes of environment with and without substrate present, to
several single surface-cysteine variants of a rabbit aldolase A

13879

Cys-lite"® (F57C, A72C, L320C, and V328C in the DSP $45C,
K311C, P344C, and Q347C in the TSP, and S131C outside of
either). The selection of residues for Cys substitution was based
on (1) their location in one of the five a-helices or the CTR,
(2) their lack of conservation among vertebrate aldolases, and
(3) their partial solvent accessibility to allow fluorophore
incorporation, yet also allow a conformation-dependent change
in fluorescence. One site that did not match the first criteria was
used as a negative control (S131C). The locations of the
chosen sites are shown as a composite in Figure 1.

Each variant was constructed by site-directed mutagenesis,
expressed in Escherichia coli, and purified as described
previously.”® Confirmation of the Cys content and assessment
of the solvent accessibility was performed by reactions of
DTNB with native and denatured variants (Table SI, see
Supporting Information). Furthermore, each purified variant
retained, within a factor of 2, wild-type substrate specificity

DOI: 10.1021/jacs.5b08149
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Figure 3. Fluorescence emission spectra of MDCC-labeled variants in the TSP. The emission spectra of the fluorescently labeled proteins are shown
for the conditions no substrate (black), Fru 1,6-P, (blue), and Fru 1-P (red). (A) S4SC, (B) K311C, (C) P344C, and (D) Q347C. Insets are
monomeric structures as depicted in Figure 1 except with only the particular variant indicated as appropriate for each spectrum. Substrates were used
at concentrations of 0.5 mM for Fru 1,6-P,, and 10 mM for Fru 1-P. Enzyme concentration was (0.5 uM). Spectra were normalized to the maximum
emission signal of the no substrate condition for each variant to give relative fluorescence units (RFU). Errors noted by bars at the emission maxima

are given as 1 SD.

(Fru-1,6-P, and Fru-1-P k./K, values), including no
significant changes in the ratio of efficiencies toward these
two substrates (Table S2). Incorporation of these surface
cysteine residues did not drastically change the isozyme-specific
kinetic properties of these aldolase A variants.

Each aldolase single Cys-variant was labeled with MDCC
with a labeling efficiency between 50 and 100% (Table S3) and
was tested for changes in activity due to labeling. The labeled
variants retained their k., values (variants were +25%
compared to wild type) and showed slight increases in K,
values (<4—7-fold) (Table S3). These data indicated that
variants adducted with the MDCC fluorophore had only
modest changes in overall catalytic activity (<S-fold changes in
k../K,, values). It was determined that unlabeled material did
not affect the fluorescence signal (data not shown) so it was not
separated from the labeled material for subsequent assays.

Four variants of the DSP (F57C, A72C, L320C, V328C)
were used to test the substrate-dependent conformational
change hypothesis. The DSP is furthest from the active site and
not associated with any known regions of conformational
flexibility from crystal structures, or from enzyme flexibility as
assessed by temperature factors (B-values). The emission
spectrum of each fluorescently labeled enzyme was measured

13880

with and without either Fru 1,6-P, or Fru 1-P and performed in
a time frame such that equilibrium was reached (Figure 2). All
enzymes showed decreased intensities in their fluorescence
emission spectra in the presence of at least one substrate, which
was consistent with a substrate-dependent conformational
change. Furthermore, the spectra were different depending on
which substrate was present, with consistently smaller effects in
the presence of Fru 1-P, with the exception of MDCC-labeled
L320C toward Fru 1-P, in which the spectrum was unchanged
from that with no substrate. The same experiment was
performed on the MDCC-labeled S131C variant, which had
the Cys substitution on an a-helix that is not part of either the
DSP or the TSP. No change in fluorescence emission was
observed with either substrate for MDCC-labeled S131C,
which confirmed that substrate-dependent fluorescence
changes were specific to the DSP. The observed degree of
fluorescence change and red shifts in maximum wavelength of
fluorescence emission in the presence of both substrates are
tabulated in Table S4. The variant FS7C showed the largest
decrease in fluorescence intensity in the presence of Fru 1,6-P,
accompanied by a redshift (Figure 2A). The variants A72C and
V328C each showed a smaller fluorescence decrease than F57C
in the presence of Fru 1,6-P,, but slightly larger decreases than

DOI: 10.1021/jacs.5b08149
J. Am. Chem. Soc. 2015, 137, 13876—13886


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08149/suppl_file/ja5b08149_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08149/suppl_file/ja5b08149_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08149/suppl_file/ja5b08149_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08149/suppl_file/ja5b08149_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b08149

Journal of the American Chemical Society

120 A e} B
iy 140 {
100 |5
%
b 100
LY T
z 80 whm‘ah’vf i sk s T .
% R e e T S 60 O N At st e
15 f ’ ' ' 30 ‘
0 fr - 0 Jvll“v‘- f
-15 . . -30 ]
0 0.2 0.4 0.6 0.8 1.0 0 0.1 0.2 0.3 04 05
Time (s™) Time (s™)
70 C 60 D
50 s AN k
40 '
230 12
<C
10 _ 7 20 ¥
15 ’ 15 4
0 Ty 0 Ml"r"‘#‘ll oatd
15 ‘ ‘ : -15 |
0 0.1 02 03 04 05 © 02 04 06 08 0
Time (s™) Time (s™)
D‘.l
(TR
<

0.2 0.4 06 0.8 1

Time (s)

Figure 4. Representative stopped-flow emission kinetics for DSP and TSP aldolase variants. Representative stopped-flow emission plots of arbitrary
fluorescence units (AFU) versus time after rapid mixing with 500 M Fru 1,6-P, are shown for FS7C (A) and V328C (B) in the DSP, $45C (C) and
K311C (D) in the TSP, and AFU versus time after rapid mixing with S0 mM Fru 1-P and K311C (E). Enzyme concentration was (0.25 #M). The
top plots show raw data (dots) and best-fit kinetic models. Bottom plots show residuals. Data were collected on either a Hi-Tech KinetAsyst
Stopped-Flow System or an Applied Photophysics DX.17MYV instrument equipped with the Pro-Data upgrade and an emission photomultiplier tube
using a 420 nm filter. The kinetic parameter fittings were performed with DYNAFIT.>*

in the presence of Fru 1-P (Figure 2B,D). The variant L320C
showed no spectral change in the presence of Fru 1-P, but did
show a slight decrease in the presence of Fru 1,6-P, (Figure
2C). These results are consistent with a substrate-dependent
conformational change in the region of the DSP, which lead to
the observed fluorescence change.

Given that fluorescence changes in the DSP were evident
upon substrate binding, and that these fluorescence changes
were apparently different depending on the substrate, the
question arises whether similar changes could be observed in
the TSP that would explain the known cooperativity of these
two regions in determining the substrate specificity of aldolase
A."” Four labeled variants in the TSP (S45C, K311C, P344C
and Q347C) were tested for comparable substrate-dependent
conformational changes to those of the DSP-labeled enzymes.
The emission spectrum of each fluorescently labeled enzyme
was measured with and without either Fru 1,6-P, or Fru 1-P

13881

(Figure 3). The variant S45C showed a large fluorescence
decrease and redshift in the presence of Fru 1,6-P,, and almost
no change in the presence of Fru 1-P (Figure 3A). The variant
K311C showed a large fluorescence decrease in the presence of
both substrates, but the magnitude of the change was greater
with Fru 1,6-P, than with Fru 1-P (Figure 3B). The two
variants in the C-terminal region, which is known to undergo
conformational changes associated with activity,”"**"" were
distinctly different than the other spectra. The variant P344C
showed the same fluorescence decrease regardless of the
substrate (Figure 3C). The variant Q347C showed an increase
in fluorescence that was slightly lower in magnitude with Fru 1-
P than with Fru 1,6-P, (Figure 3D). The observed degree of
fluorescence emission change of reporters in the TSP and red
shifts in maximum wavelength in the presence of both
substrates are tabulated in Table S4. Notably, there was no
correlation between the magnitude of the fluorescence changes

DOI: 10.1021/jacs.5b08149
J. Am. Chem. Soc. 2015, 137, 13876—13886


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b08149/suppl_file/ja5b08149_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b08149

Journal of the American Chemical Society

and the distances from the substrate phosphates to the
fluorophores (Figure S1); this rules out some trivial
explanations regarding these observed changes in fluorescence;
one, that electrostatic effects on the quantum yield are due to
attracting or repelling some quenching molecules, or two, that
electrostatics differentially changed the dielectric, which would
could cause a change in the energy level difference and
corresponding shift of the emission peak. These changes in
spectra for the CTR variants were consistent with a
nonsubstrate-distinct and requisite conformational change in
the CTR during catalysis as part of the second half-reaction that
includes the rate-limiting step with either substrate. In contrast,
clear differences between substrates were shown in the spectral
changes of enzymes with the fluorophore on a-helices that
flank the substrate-binding site (S4SC and K311C).
Fluorescence Changes Occur on the Time Scale of
Catalysis. If the substrate-dependent changes in fluorescence
were due to substrate-specific conformational changes, then the
time-scale of the fluorescent change after binding substrate
should be within the time scale of the catalytic cycle. Stopped-
flow fluorescence spectrophotometry was performed on those
variants with substantial differences in fluorescence intensity
with and without substrate at equilibrium (>20%). These
variants were FS7C and V328C in the DSP (see Figure 2), and
$45C and K311C in the TSP (see Figure 3). The decreases in
fluorescence intensity versus time for each of these variants are
shown in Figure 4A—D. All variants were fit to multiple kinetic
models (Figure S2A) and the best-fit models for each used to
determine the rate constants of fluorescence changes (Table 1).

Table 1. Observed Rates of Substrate-Dependent
Fluorescence Change

ISR k'’
"

Fru 1,6-P, (500 uM) Fru 1-P (50 mM)
variant  patch “ (st

Kops“ (s71) kops™ (s71)

Fs7C DSp 0.7 17 ND*
V328C DSP 0.9 9 ND
S45C TSP 0.9 72 ND

K311C TSP 0.93 63 (k, = 34) 32

9All rates were determined at 4 °C. “Determined for Fru 1,6-P, at 30
°C using steady-state kinetics and corrected to 4 °C using Arrhenius
equation (see Table S4). “Not determined.

The two variants in the DSP fit best to a single decay model
and had similar fluorescent decay time constants (~15 s™')
(Figure 4A,B). The two variants in the TSP both have initial
fluorescence decay rates faster than those in the DSP (~70 s™)
(Figure 4C,D). Notably, the K311C variant showed a second,
slower fluorescent event (3.4 s7') and had an optimal fit to a
sequential three-state scheme (Figure S2B, Models 3 and 4).
Importantly, all the rate constants for the first step were of the
same order of magnitude or faster than catalytic turnover (k.
~ 157! for Fru 1,6-P,”""). Consistent with this correlation, the
same experiments performed using the negative control,
MDCC-labeled S131C, showed no time-dependent change in
fluorescence (data not shown), as expected from the results of
the equilibrium emission spectra (see Figure 2E). These kinetic
data are consistent with the direct involvement of the TSP and
DSP in cooperative conformational changes important for
catalysis of Fru 1,6-P,."”

Given the notable biphasic behavior of the MDCC-labeled
K311C with Fru 1,6-P, (Figure 4D) and its substantial change
with Fru 1-P at equilibrium (see Figure 3B), it was used to

monitor the rate of fluorescence change with Fru 1-P. The
kinetic behavior was again consistent with the time scale of
catalysis with an exponential observed rate of 32 s™ (Table 1);
however, the biphasic changes were not seen with Fru 1-P
(Figure 4E). Instead, K311C showed an increase in
fluorescence with Fru 1-P at a time scale consistent with a
change occurring in the first half-reaction. This difference in
fluorescence behavior for Fru 1-P versus Fru 1,6-P, is a clear
indication that different enzyme conformations are elicited by
each of the two aldolase substrates.

Fluorescence Changes Indicate Substrate Binding.
The fluorescence changes described above are consistent with
conformational changes in the DSP and TSP upon substrate
binding and catalysis. This model would predict a dependence
of fluorescence change on substrate concentration. The variants
that showed the greatest degree of fluorescence intensity
change between the two substrates were F57C, in the DSP, and
both S45C and K311C in the TSP (Figure 24, 3A, and 3B,
respectively). These three variants were used to show
dependence of the fluorescence change on the substrate
concentration. The emission spectra of the labeled variants
were measured over a range of concentrations for each
substrate (Figure S3). Plotting the fluorescence maximum as
a function of substrate concentration showed a clear hyperbolic
dependence for MDCC-labeled F57C, S45C, and K311C for
Fru 1,6-P, and Fru 1-P (Figure S4). The apparent K, values
were derived from fitting to a two-state equilibrium and are
compared to K, values of each variant in Table 2. The K

conf

Table 2. Apparent Equilibrium Constants for
Conformational Changes (K,,,¢) Due to Substrate-Binding
As Detected by Fluorescence Changes

Fru 1,6-P, (uM) Fru 1-P (mM)
variant ISR patch K" Koot K,* Koot
FS7C DSP 38+05 70+7 23+6 19 + 09
$45C TSP 32+04 75+19 10+05 11+5
K311C TSP 35+06 62+13 10+14 46+1

“From Table S2. "Values from fitting hyperbolic equations to plots of
concentration dependent changes in A, for fluorescence spectra.
Errors are SEM for several determinations for each variant with each
substrate. Supporting Information shows representative spectra
(Figure S3) and plots (Figure S4).

values appear to report on substrate-induced effects with values
similar to their respective K, values for each substrate, with two
significant differences. For Fru 1,6-P,, this value for the TSP
representative (S45C) was significantly smaller value than K,
Likewise, for Fru 1-P, the fluorescence changes monitored by
the fluorophore at FS7C, which is a surrogate for the DSP, had
significantly smaller value of K, than the value for K. These
differences in K, values may represent more specific steps in
catalysis of each substrate that are different than the
conglomerate series of steps reported through the K, values.”'
Taken together, the analysis of fluorescence spectral changes
among the MDCC-labeled aldolase variants involving the DSP
and TSP clearly report on conformational changes in binding
and catalysis that differ depending on the substrate
encountered.

Lastly, the K311C-labeled variant showed a fluorescence
change with a rate similar to that of turnover for Fru 1,6-P, (3.4
s7' vs. ko = ~1 s71), thus indicating that it reflects the rate-
limiting step. In addition, the second half-reaction should be
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Figure S. Observed rates of fluorescence change as a function of substrate concentration for DSP versus TSP. (A) Plots of first order observed rates
for the fluorescence change as a function of concentration of Fru 1,6-P, for the fast (4) and slow (M) kinetic steps observed in variant K311C
(enzyme concentration was 0.25 yM) in the TSP. The concentration dependence of the rate constant for the fast step of K311C was fit to a
hyperbolic model for ligand binding (R* = 0.94). (B) As in (A), but for S45C (@) in the TSP and fit to a hyperbolic model for ligand binding (R* =
0.95). (C) As in (A), but for FS7C (A) in the DSP and fit to a linear model for ligand binding (R* = 0.94). Models used for the analysis are shown in
Figure SS.
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Figure 6. Schematic summary of substrate-induced conformational changes during the aldolase cleavage reactions. At top, the boxed arrows indicate
the two half reactions, below which are steps in catalysis with the published rates of the indicated reactions adjusted to 4 °C'""* (see also Table S5).
At top left is a color-coded ribbon structure (see Figure 1) where the DSP (green) and TSP (purple) are indicated. In the cartoon, aldolase
monomer is represented as a sphere (gray) with the CTR as a tail. The regions and residues used for fluorophore adduction are indicated for the
DSP and TSP with the same color code as in the ribbon diagram. Below the arrows are the rates of substrate-induced fluorescence changes (see
Table 1) for each substrate. The two substrates are shown with a schematic indicating C1- and C6-phosphates by numbered “P”s in red circles.
Changes in conformation of DSP or TSP are indicated by size changes in the lobes of DSP/TSP cartoon. For those residues with measured rates of
fluorescence change (see Table 1), a star is shown (losses in blue and increases in orange). Residues not reporting significantly large changes in
fluorescence spectra in the presence of Fur 1-P are indicated with a slash through the name. Residues reporting the same fluorescence spectral
change regardless of substrate are boxed in orange. Double-red arrows indicate a hypothetical equilibrium between the second half-reaction
conformers.

substrate independent. So, the rate of this slower fluorescence was measured (Figure S). For K311C, the fast observed rate
change was measured as a function of Fru 1,6-P, (1—500 uM). versus [S] fit a hyperbolic equation (Figure SA), which is
The plot shown in Figure SA (squares) clearly shows that the consistent with a rapid equilibrium followed by a slower
rate of this change was independent of substrate. reaction (Figure S5, model 3). For S4SC, there is a similar
For those variants where there was a >20% change in observation as for the fast rate of K311C (Figure SB). For
fluorescence intensity (FS7C in the DSP and S$45C and K311C F57C there was a linear dependence of the observed rate versus
in the TSP), the dependence of the observed rate on the [S] (Figure SC), which is consistent with a simple binding
substrate concentration determined from stop-flow experiments equilibrium (Figure SS, model 2). The fact that both K311C
13883 DOI: 10.1021/jacs.5b08149
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and S45C are in the TSP and show similar concentration-
dependence of the observed rates indicated that they report on
that same conformational event(s); either limited by substrate
binding or associated with binding. The maximum value for the
rate constants (63 and 72 s™') is consistent with a step that
occurs in the first half-reaction but is slower than Schiff-base
formation (100 s™')"""* and still dependent on the substrate
concentration, either C—C bond cleavage or G3P release. This
result indicated that all steps in the first half reaction are
dependent on substrate concentration.

B DISCUSSION

Recent research into enzyme structural flexibility has high-
lighted the importance of conformational changes distant from
the active site on catalysis. These conformational changes have
been shown to affect rates of catalysis in enzymes such as
DHER and proline isomerase, and in enzymes such as T7 DNA
polymerase, these alternate conformations have been shown to
impact substrate specificity.”*>> T7 DNA polymerase has
shown that the enzyme adopts different conformations upon
binding either matching or mismatching nucleotides.” Under-
standing these alternate conformations and their role in
catalysis is tantamount to obtaining a complete picture of
enzyme catalysis and is possible only with an integrative
approach to discovering these conformations and how they
affect function. In aldolase, by observing conformational
changes at multiple sites known to be important for substrate
specificity,”* a picture of how the enzyme uses these
conformational changes subsequent to substrate binding has
emerged.

Single cysteine variants selectively placed within the DSP and
TSP, were fluorescently labeled, and used to probe the alternate
conformations of the protein in the presence of both Fru 1-P
and Fru 1,6-P,. These studies suggested that almost all the
variants adopted alternate conformations depending on which
substrate was bound as evidenced by the different emission
patterns observed for each substrate, and that changes in
conformation were faster than turnover. Importantly, these
alternate conformations were constrained to the regions
previously identified in substrate-specific conformational
changes (i.e., no fluorescence changes shown for the S131C
control). Taken together, the results suggest a model for how
these conformational changes are involved in the catalytic cycle.

Model of Conformational Changes in the Aldolase
Catalytic Mechanism. If the substrate-induced fluorescence
changes for all the MDCC-labeled aldolase variants were due to
conformational changes in the regions where the fluorophores
were located, then a series of events in the catalytic cycle can be
described. These events explain the apparent paradox of how
different kinetic values for Fru 1,6-P, vs Fru 1-P among
vertebrate Fru 1,6-P, aldolases are manifest in the rate-limiting
second half-reaction even though the second half-reaction is
identical for both substrates (see Scheme 1). The 10-fold faster
k. value for Fru 1,6-P, versus Fru 1-P seen for aldolase A
would only require a subtle energetic difference (less than —6
kJ/ mol),35 and the difference may lie in the interactions due to
conformational changes of the DSP and TSP as revealed in this
study.

A model that is consistent with the fluorescence data and the
coupling between the TSP and DSP patches'” was developed
to explain how binding differences between hexoses are
propagated through conformational changes to set up product
release, which controls the value of k, (Figure 6).! >

Furthermore, the conformational-change model was favored
over any model involving electrostatic effects because there was
no correlation between observed fluorescence changes for the
mono- versus bis-phosphorylated substrates and distance
between the labeled residue and the two phosphate binding
sites (see Figure S1). It should be noted that the proposed
model shows (Figure 6) the events measured by fluorescence in
the first half-reaction (K311C, S45C, and FS7C) as separate
events since the measured rates correlated well to rates
previously measured for these steps (Schiff base formation, C—
C bond cleavage, and G3P release). However, it is possible that
the fluorescence events do not report on these discrete steps
and what was observed in the fluorescence changes is an
average of several steps in the first half reaction.

The events leading to the faster catalytic rate for Fru 1,6-P,
can be hypothesized on the basis of these results (Figure 6).
The MDCC-labeled S45C variant (a-helix 2 in the TSP) was
observed to have the fastest (see Table 1) and one of the largest
(see Figure 3A) of the fluorescence changes. From crystallo-
graphic and mutagenic data it has previously been suggested
that the conserved residues Lys41 and Arg42 in o-helix 2
directly interact with the C6-phosphate of Fru 1,6-P,.'**® The
rate of the fluorescence change observed for a-helix 2, reported
by the S45C-variant, after binding the Cé6-phosphate was
similar to the rate of Schiff-base formation (~100 s™')."* On
the other side of the active site in the TSP is a-helix 13,
reported by the K311C-labeled variant. The relatively fast initial
change in fluorescence for this variant in the presence of Fru
1,6-P,, was also similar to the rate of Schiff-base formation. For
both a-helices 2 and 13, changes in conformation must be
cotemporal with events of the first half reaction.""

The next event is the propagation of this movement to a-
helix 3 in the DSP, which is reported by the MDCC-labeled
FS7C variant. This variant showed the next greatest
fluorescence change (see Figure 2A) at a slower rate of 17
s™' (see Table 1). Next, the long a-helix 14 in the DSP, is
reported by MDCC-labeled V328C, and had an even slower
rate of fluorescence change (9 vs 17 s™'). The conformational
changes from a-helix 3 to a-helix 14 are propagated through a-
helix 4, which lies between these two helices, and shows a
fluorescence change reported by the MDCC-labeled A72C
variant (rates were not measured for A72C, but the magnitude
of fluorescence change was similar to that for V238C). The
rates of these conformational changes were similar to those for
carbon—carbon bond cleavage (30 s™)" and G3P release (22
s71),>” which ends the first half-reaction, suggesting that the
F57C, A72C, and V328C variants report on these events.

The results from previous studies as well as the magnitudes
of the fluorescence changes shown here are consistent with a
final step being the propagation of conformational changes to
the CTR. The repositioning of this region has been implicated
in the rate-limiting step of DHAP release.””*' The CTR is
critical for enamine protonation by the terminal Tyr363 and
rate-limiting product release in the second half-reaction.’!
Although many explanations for the magnitude of fluorescence
changes in the spectra are possible, in this case, if the degree of
fluorescence change reflects the degree of conformational
change, it is consistent with a ripple effect initiated by binding
to the C6-phosphate. The largest perturbation was in the
reporter for a-helix 2 (S45C), followed by a-helix 3 (FS7C),
then a-helix 4 (A72C), then a-helix 14 and the CTR (V328C,
Q347C, and P344C). The lone inconsistency with this
correlation was the lower degree of fluorescence change for
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MDCC-labeled L320C (see Figure 2C) than that for MDCC-
labeled V328C (both in a-helix 14), but since the observed
changes in fluoresence are affected by both the magnitude of
conformational changes as well as relative positioning of the
fluorophore, the magnitude of change need not necessarily
correlate.

In addition to the CTR, another element in the TSP,
reported by the MDCC-labeled K311C variant in a-helix 13,
showed a second slower phase of fluorescence change that had
a rate essentially the same as turnover (k, value at 4 °C is ~1
s71),""" which governs by the second half reaction. The lack of
substrate dependence of this second fluorescence event (see
Figure S) is consistent with events in the second half reaction.

While these events in the presence of Fru 1,6-P, are
revealing, events differ in the presence of Fru 1-P. In a similar
fashion, the events leading to the slower catalytic rate of
turnover for Fru 1-P can be hypothesized. First, the
fluorescence changes initiated by C6-phosphate binding
described above for Fru 1,6-P, were not seen with Fru 1-P
for MDCC-labeled S45C, F57C, and L320C; see Figures 3A,
2A, and 2C, respectively). Moreover, the rate of change
reported by K311C was not biphasic with Fru 1-P as it was for
Fru 1,6-P, and occurred at a distinctly different rate (32 s™).
This leads to the conclusion that the conformational changes
undergone upon Fru-1-P binding differ significantly from those
undergone upon Fru-1,6-P, binding, likely due to differing
effects on a-helix 2 due to the lack of the C6 phosphate on the
substrate. The propagation of this conformational change to the
CTR by « helix 13 reported by MDCC-labeled K311C with
Fru 1-P may result simply in a different rate of change to the
CTR necessary for catalysis during the second half-reaction.
This is supported by the very similar fluorescence changes
shown for MDCC-labeled P344C (diminution) and Q347C
(enhancement) for either substrate (see Figure 3C—D).

Although the exact structural elements and their motions are
not defined here, it is clear that there was a distinct set of
conformational changes in the presence of Fru 1-P when
compared to Fru 1,6-P,. The rate-determining step in the
second half reaction can therefore be ascribed to either the
release of DHAP (at the rate of 2 s™* for Fru 1,6-P, versus 0.06
s™! for Fru 1-P) or in the case of Fru 1-P the rate of a slow
conversion of the DHAP-bound conformer from that set up by
Fru-1-P cleavage to that set up by Fru-1,6-P, cleavage (noted
by the red arrows in Figure 6). Regardless of which pathway,
this clearly supports the hypothesis of differential dynamics due
to different substrates. The differential effects of substrate on a-
helix 13 appear to be key to understanding this distinction.

Dissecting the mechanism of substrate specificity is an
important question in enzymology, because many enzymes
have multiple substrates among which they must choose for
proper cell function. Many enzymes are present in the form of
isozymes, which differ only slightly, but these differences allow
them to serve different functions in the cell. For many of these
isozymes, it is reasonable that the few differences in amino
acids, which often do not contribute noticeably to differences in
the static structure or active site,'” could be causing differences
in dynamics of certain regions.

In studies over the past decade, the concept that substrate-
induced conformational changes can be a major determinant of
enzyme specificity has been put forward®® based on analysis of
T7 DNA polymerase.” Changes in conformation correlated
with differences in substrate specificity have also been described
for DHFR and proline isomerase.”” For the DNA polymerase,
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binding of a correct nucleotide is followed by a favorable
isomerization and a fast polymerization rate. The specificity
constant for correct nucleotide incorporation is governed by
the nucleotide affinity in the initial weak binding to an “open”
state and the rate of the conformational change to form a
“closed state.” This observation is also consistent with
molecular dynamics simulations.****° Moreover, selection
against a mismatched nucleotide involves an initial thermody-
namic selection with a significant decrease in affinity, followed
by kinetic control resulting from a decrease in the rate of the
chemical step. Similar mechanisms have been proposed in Class
IT aminoacyl-tRNA synthetase™ for which it has been shown
that tRNA selection arises from interactions between tRNA and
the active site that provide kinetic discrimination at distinct
points in the catalytic cycle. Similarly, selection of the cognate
aminoacyl tRNA on the ribosome is kinetically controlled via
GTPase rates versus noncognate substrates.”’ Both aminoacyl-
tRNA synthetase and the translation machinery presumably
affect this kinetic discrimination via associated conformational
changes, but it is difficult to measure these structure-based
mechanisms directly. In the case detailed here for Fru-1,6-P,
aldolase, different conformational states promoted by binding
alternate substrates were clearly detected and these states were
occupied at rates consistent with steps in the catalytic cycle.
Thus, the enzyme is set on two alternative paths, depending on
the substrate encountered.

B CONCLUSIONS

In these studies, not only whether, but also how, enzyme
conformational changes and dynamics are involved in substrate
specificity has been delineated. These conformational changes
have been pinpointed to the regions of the enzyme undergoing
these changes and correlated with step(s) in the catalytic cycle,
demonstrating their effect on steps that are responsible for both
the K, and k_, values of the different substrates. The key to
these discoveries was the recognition of the evolutionary
conservation of isozyme specific residues and the design of
conformationally sensitive fluorophores near these residues.
Using fluorescence spectroscopy in the presence or absence of
two physiological aldolase substrates; Fru 1,6-P, or Fru 1-P,
differences in the magnitude and rates of fluorescence change
suggested a mechanism by which aldolase substrate specificity is
conferred by differential conformational changes. These data
unveiled details well beyond a simple induced fit model and
have indicated that binding events for the two fructose
substrates are linked to distinct downstream conformational
changes responsible for different rate limiting steps, including
the last step of product release. Thus, aldolase distinguishes
between substrates by differing substrate-triggered conforma-
tional changes.
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A table of DTNB reactivity, three tables of kinetic
measurements for these variants, one table summarizing
the fluorescence data, one table summarizing rates of
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groups, a figure fitting stopped-flow data to various
kinetic models, two figures detailing the fluorescence
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and associated equations for plotting [substrate] versus
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