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ABSTRACT. The in vitro reactivation of unfoldeBscherichia colalkaline phosphatase (AP) in the presence

of the two natively bound metals Zhand Mg produces two protein species, characterized by different
guanidine hydrochloride denaturation kinetics. The high-lability AP form slowly converts to the low-
lability form in a first-order reaction with a characteristic lifetime (inverse rate constant) of approximately
300 h at pH 8.0 and 25C. Addition of Zr** and Mg" ligands to (folded) apo-AP also produces two
protein species, with denaturation kinetics and a long conversion lifetime similar to those found in refolding
AP. In contrast, adding 2 alone to apo-AP produces only the high-lability species with no subsequent
structural change, suggesting that ¥dpinding is the event which is responsible for the production of
the low-lability AP. The rate of conversion from high- to low-lability AP was found to be linearly dependent
on Mg?t concentration, indicating that Mg binding is rate limiting for this reaction. Experiments where
either Zr#™ or Mg?™ was added first, with the second metal added later, show th&t bigding is slowed

by the prior presence of bound ZnMg?* binding to Zn-AP also slightly increases the enzymatic activity;
however, the extent of formation of the low-lability species is related to the square of theihiyiced
activity increase. Thus the binding of two Kfgto AP produces the dramatic reduction in the rate of
denaturation that characterizes the low-lability species. The data suggest the possibility of long distance
intersubunit interactions and a role for Rtgin providing “kinetic stability” for AP.

The protein folding process is generally believed to result
in a unique, thermodynamically stable conformation that is
fully determined by the amino acid sequend®. (Many
small, single-domain, proteins can be adequately modeled
as simple two-state systems, with only the denatured and
native states significantly populate?| 8). For most proteins,
however, the native state is attained through a much more
complex process. Some proteins have well-populated inter-
mediate species, and their slow folding is caused by proline
isomerization or disulfide bond rearrangeme#t-6). For
larger, multidomain or multisubunit proteins, slow domain
rearrangements or oligomerization results in a more com-
plicated pathway toward the native staf ). Moreover, Ficure 1: Ribbon diagram of the AP structure with two%rand
for proteins with bound ligands that are essential for one M@* binding sites indicated at the monomer active sit#) (
enzymatic activity and/or thermodynamic stability, the at- The A-B—C metal site notation is also shown. The two monomers
tainment of the native state must also involve the incorpora- & shaded differently, and the 2-fold axis of monomer rotation is
tion of these ligands8). As discussed in this paper, ligand gwgéﬁa:ﬁghy%eecentral 10-strafiesheet, flanked by-helices, spans

. . .. . . r structure.
binding may be a surprisingly slow event, with important
ramifications for the development of the structurally mature ~ The current work involves AP.a 94 kDa homodimeric
protein. periplasmic enzyme with 449 amino acid residues per
monomer 10), that binds two ZA" and one Mg" per active
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nated A, B, and C in NMR studies, according to decreasing equilibrated Chelex 100 column. All quartz and plastic
order of metal binding affinity {4—16). The A and B sites cuvettes were made metal free by washing extensively with
are the two classes of Zhbinding sites, with the A sites  HCI or nitric acid, followed by a thorough rinsing with metal-
binding the first Z&" pair and the B sites binding the second free water.

pair. The B sites bind Z more strongly in the presence of Denaturation and Refolding of ARAP at 10 mg/mL was
phosphate and can also bind Mgat high concentrations  denaturedrnn 6 M GdnHCI and 100 mM Tris, pH 8.0.
(14); however, Mg" normally occupies the C sites. There Refolding was accomplished by a 100-fold dilution into 100
appears to be significant cooperativity among metal binding mM Tris, pH 8.0, with 0.1 mM ZnGland 0.1 mM MgC}
sites and between the two subunit$,(17—21). added. The final AP concentration was 0.1 mg/mL.

During its in vitro renaturation from the GdnHCl denatured ~ AP Actity Assay.AP activity was followed with the
state,Escherichia colialkaline phosphatase (APjisplays  Standard spectrophotometric ass29)(A 10 uL AP sample
slow conformational changes on an unusually long time scalewas added to 0.9 mL of the AP assay mixture (1 M Tris, 1
compared with the recovery of the majority of enzymatic MM p-NPP) h a 1 cmpath-length cuvette. The change in
activity. This process has been shown to involve a conversionabsorbance due to the hydrolysis of p-NPP at’@5was
between two discrete species with very different susceptibili- monitored for 30 s at 410 nm (Milton Roy spectrophotom-
ties to GdnHCI denaturatior®). The long lifetime of this eter).
structural change complicates the conventional notion that ~ Circular Dichroism SpectraThe circular dichroism (CD)
the “native” state and “enzymatically active” state are spectra of 0.5 mg/mL AP in 10 mM EPPS and 100 mM
necessarily identical. NacCl, pH 7.5, buffer under various metal conditions were

Previous investigations in this laboratory have examined Measured at 28C. All CD experiments were conducted with
the possible role of proline isomerization in the observed @ 2 mMm path-length quartz cuvette using a Jasco J-715
slow structural changes in AP during refolding, a mechanism SPectropolarimeter. _
that has been implicated in slow-folding events in other  Thermal Unfolding Cures.The CD signal at 222 nm was
proteins 2—25). No evidence supporting proline isomer- monitored to assess the extent of unfolding of 0.5 mg/mL
ization as a rate-limiting folding step for AP was foury AP in 10 mM EPPS and 100 mM NaCl, pH 7.5 buffer, under
In the present paper, we focus on the role of the metal Yarious metal conditions during a temperature ramp from

ligands, and in particular Mg, as the cause of these slow 29 10 100°C. The data were converted to the fraction of
events. The binding of metal ions to metal-depleted, apo, foldeq protein by normalizing to the maximum and minimum
AP was followed, and data to support a role forMpinding ~ CD signal on the temperature range.

in the observed lability changes are presented. There is also Lability Experiment.The lability of AP is a measure of
evidence for substantial structural changes caused by thdhe rate of its denaturation and is thus a kinetic parameter

binding of two Mg*, possibly involving long distance reflecting the activation energy of unfolding. Lability was
intersubunit interactions. measured by exposing enzyme samples to 4.5 M GdnHCI

at 25°C and pH 8.0 and monitoring the loss of AP activity
as a function of time. The activity values were expressed as
a percentage of the starting activity of the sample. Control

Enzymes and Reagenfdl AP used in these experiments fg"tl:]ya;’v ﬁ;ddﬁéfrtglgﬁ c:”?f%lgzlg %:3 t:\é?o[g;tjal—equmbrated

was expressed in tHe. coli strain SM547 using the plasmid
pPEK154. The cells with overexpressed AP were osmotically fit
shocked to release periplasmic proteins, which include AP. fu
AP purification was performed as described elsewh2r (
with an ammonium sulfate precipitation, followed by dialysis
in TMZP buffer (10 mM Tris, 1 mM MgCJ, 10uM ZnSQO,,
100uM NaH,PO,, 5 mM NaN;, pH 7.4) and ion-exchange

chromatography. The purified AP was determined by SDS the amplitude of the highly labile fraction (smalley over

PAGE to b_e greater than 95% homogeneous. ) refolding time, normalized to the control (equilibrium) level,
Preparation of Apo-AP Stock Solutiothe AP used in  determines the rate of conformational change between the
these experiments was first rendered metal free (apo) by anyo AP lability states. This lability conversion was found to
ammonium sulfate dialysis procedures], where AP was  follow an exponential decay law, and the inverse of the
dialyzed twice again M (NH,).SQs, pH 9.0, followed by observed rate of this process is the lifetime for the lability
exchange into metal-free 10 mM Tris, pH 9.0, and then into conyersion. All lability decay times and conformational

100 mM Tris, pH 8.0, with a Centricon 30. A number of conversion lifetimes were calculated from the average of
Centricon spins were performed to ensure that the final three samples.

ammonium sulfate concentration was subnanomolar. The  comparison of AP Actity and Lability. Activity and
apo-AP stock solution was concentrated to at least 60 mg/|apility of AP at 0.1 mg/mL were determined under two
mL and stored at 4C until use. AP concentrations were  conditions: (1) refolding AP in the presence of 0.1 mM

EXPERIMENTAL PROCEDURES

Analysis of Lability DataAll denaturation curves were
using a two-exponential decay. The set of curves (as a
nction of refolding time) for each AP sample, along with
the control curves, was analyzed globally (Excel) using a
least-squares analysis with two common unfolding time
constants and allowing the preexponential terms to vary
individually, with their sum set to 1. The rate of decrease of

determined spectrophotometrically at 278 nm usifig* = ZnCl, and 0.1 mM MgCJ and assaying activity and lability

0.72 @8). The final activity of apo-AP was typically less  over time; (2) adding increasing amounts of Mg uM

than 4% of holo-AP. to 5 mM) to apo-AP, followed by 0.1 mM Zngl and
Preparation of Metal-Free Buffers and @ettes. All assaying samples after equilibrium has been attained. The

buffers were made metal free by passing them through anlability experiments for condition 2 were conducted using a
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FiGure 2: AP lability conversion as a function of refolding time.
After complete denaturation, AP was refolded for various times
with buffer containing 0.1 mM ZnGland 0.1 mM MgCJ_ Aliquots

of the refolding enzyme solution were then taken at different times
and subjected to a second denaturation with 4.5 M GdnHCI at 25
°C and pH 8.0. The individual curves depict activity as a function
of incubation time in 4.5 M GdnHCI for AP at the following times
after the initiation of refolding:®, control (nondenatured native
AP); O, 2 h;[O, 23 h;<, 74 h; A, 118 h;0O with backslash, 166 h.

The activity is expressed as a percentage of starting activity of that

sample before denaturation. All curves are fit globally to two
exponentials with common lifetimes that averaged 6.8.2 and

93.5+ 6.5 min. Inset: The fraction of high-lability (fast decay)
AP, normalized to the control level, is plotted over refolding time.
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Ficure 3: Comparison of metal-free (apo) and metal-bound (holo)
AP. (A) CD spectra of 0.5 mg/mL AP in 10 mM EPPS and 100
mM NacCl, pH 7.5 buffer at 28C under the following conditions:
O, apo-AP;O, AP with 0.1 mM ZnC}; <&, AP with 0.1 mM ZnC}

The data were fit to a single exponential decay that represents the@d 1.0 mM MgCj (holo-AP). (B) CD (222 nm) monitored

rate of conversion between high- and low-lability AP, with the

unfolding of 0.5 mg/mL AP in 10 mM EPPS and 100 mM NacCl,

inverse rate representing the conversion lifetime. The decrease inPH 7.5 buffer under the following conditionsD, apo-AP;0], AP

the fraction of high-lability AP occurred with a lifetime of 294
17 h.

5 M GdnHCI denaturation for 30 min. The activity increase

with 0.1 mM ZnC}; <, AP with 0.1 mM ZnC} and 1.0 mM MgC}
(holo-AP). The unfolding midpoint of the apo-AP is 88, Zn-AP
is 91°C, and holo-AP is 92C. For comparison purposes, the raw
CD data were converted to the fraction of folded protein by
normalizing to the maximum and minimum CD signal on the

due to Mg@* binding was expressed in both cases as a fraction temperature range.

between zero (Zn-AP) and the maximum activity at 5 mM
MgCl,. The fraction of low-lability AP was determined as
described above.

Power-Law Fit of Actiity—Lability Data. The AP activ-
ity —lability comparison data were compared to a model
which assumed that each bound Mgontributes equally
to activity but that two bound Mg are needed for the
formation of the low-lability AP. Using this model, a
calculation of activity and low-lability fractions under various
Mg conditions results in a squared power-law relationship:
fraction lability = (fraction activityf. This model is com-
pared to the experiment by fitting the data to the power-law
equation and determining the exponent.

RESULTS

AP that has been denatured 6 M GdnHCI and then
refolded attains nearly all of its original biological activity;
however, the renatured enzyme displays biexponential
GdnHCI denaturation kinetics. The two components seen in

denaturation (low lability). Under the experimental conditions
used, 25C and pH 8.0, this process has a conversion lifetime
of 294 + 17 h.

To determine the role of metal binding in this behavior, a
reactivation experiment was initiated using AP that has not
been denatured, but with all metal ligands removed. This
apo-AP is in a conformation that is nearly completely folded
and dimerized, though, without the metal ligands, it is much
less stable and completely inactive0{-33). As shown in
Figure 3A, apo-AP has a CD spectrum nearly identical to
that of Zn-AP or to holo-AP (both Z1 and Mg bound),
confirming its nearly intact secondary structure content.
However, upon heating, apo-AP unfolds at a much lower
temperature than Zn-AP or holo-AP (Figure 3B), reflecting
in part the reduced stability in the absence of the metal
ligands @4). The T, values for Zn-AP and holo-AP differ
slightly (91 and 92°C, respectively), reflecting the small
additional thermodynamic stability that results from Mg
binding, as compared with Zhbinding, which is responsible

the denaturation represent two distinct species, referred tofor the majority of the increased stability over apo-AP.

here as “high lability” and “low lability” (Figure 2). The
high- and low-lability species have globally fit decay times
of 6.3+ 0.2 and 93.5+ 6.5 min, respectively, under the

When excess A1 and Mg were added to apo-AP, and
the protein’s GdnHCI denaturation kinetics was subsequently
monitored as before (Figure 4), high- and low-lability species

conditions used. Over time, the fraction of AP that is more were found, and as before, they displayed globally fit decay
susceptible to denaturation (high lability) decreases as it istimes of 6.6+ 0.2 and 92.3t 4.9 min, respectively, which
converted to the AP species that is less susceptible toare nearly identical to those of freshly refolded holo-AP. A
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FIGURE 5: Possible pathways for an AMMg binding scheme. A
simplified reaction scheme depicting three possible pathways for
T, the formation of the low-lability AP state, through the binding of
Refolding Time () two Mg?" to an AP dimer that already has fully boundZnOnly
0‘ o '1'0' i '2‘0‘ T '30' i ‘4‘0' i '5'0' i '60 one Mg binding reaction is shown for simplicity. Pathway 1: fast
Time (min) Mg?" binding followed by slow conformational change. Pathway
2: slow conformational change of the Zn-AP species followed by
FiGURE 4 Lability of AP over time after metal addition. Lability ~ fast Mg binding. Pathway 3: slow Mg binding to Zn-AP
curves for AP at the indicated times after the addition of 0.1 mM leading to the low-lability AP state. Only the forward and reverse
ZnCl, and 0.1 mM MgCJ to apo-AP: @, control (holo-AP):0, 2 reaction ratesiq) associated with the rate-limiting lability conversion
h; O, 23 h; <, 74 h; A, 118 h;O with backslash, 166 h. Lability ~ Step are shown. Zn-AP* represents a species that has undergone
curves after the addition of only 0.1 mM ZnQb apo-AP: x, 2 an internal conformational change, and ZnMg-AP* represents the
h; +, 166 h. The activity is expressed as a percentage of starting low-lability AP state.
activity of that sample before denaturation. All curves from samples
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with both Zr#+ and Mg are fit globally to two exponentials with ‘-: 0.035
common decay times that averaged £.6.2 and 92.3t 4.9 min. ~, 1
The two curves for only ZnGlare fit to a single exponential with e 0.0304
decay times of 4.2 0.1 and 4.6t 0.1 min, respectively. Inset: 2 00251
For the curves representing AP with both?Zrand Mg, the g
fraction of high-lability (fast decay) AP is normalized to the control S 0.020]
level and plotted over incubation time. The data were fit to a single ‘2
exponential decay that represents the rate of conversion between ¢ 0.015
high- and low-lability AP, with the inverse rate representing the = 1
conversion lifetime. The decrease in the fraction of high-lability © 0.010]
AP occurred with a lifetime of 30& 24 h. E

2 0.005]

<
lifetime of 308+ 24 h was found for the transition from the = 0.000 :
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high-lability to the low-lability AP, again in good agreement [Mg] (mM)
with that of freshly refolded holo-AP. It thus appears that . . .
FiIGURE 6: Lability conversion rate of AP vs Mg concentration.

the addition of metals to folded apo-AP produces behavior .o e of conversiorkiy: of the high-labilty to low-lability AP
very similar to that of AP refolded from the denatured state. ;g plotted for various Mg concentrations. Assuming pathway 3

In addition, apo-AP to which only Zr has been added from Figure 5, the reversible binding reaction ratg, = k s +
quickly regained 86-90% of the enzymatic activity of holo-  ks[Mg]. The linear fit gives ratés = 29.3+ 1.1 M~* h™%, and the
AP but displayed GdnHCI denaturation kinetics that was everse ratk s = (9.2+ 5.6) x 107+ h™%.

similar (though not identical) to that of the high-lability state, gependence of the slow step, this result supports the “slow
Wlth_a decay time of 4.7 0.1 min. Qver t|m_e, this high- Mg?* binding” hypothesis. From the slope and intercept of
lability AP did not convert to low-lability AP, in contrastto e lability conversion rate curve, we determine tkat=
what was observed when both metals were present. 293+ 1.1 Mthtandk = (9.24 5.6) x 10 h™L.

It appears from these experiments that AP with only'Zn If Mg2?* binding is the rate-limiting step in the AP
bound exists exclusively as the high-lability species and that conformational conversion, it is possible that when the two
it is the presence of Mg that produces the low-lability AP.  metals are present, fasterZrbinding to the A and B sites
Three explanations that could account for this behavior were acts to inhibit M@" binding. To test this hypothesis, a
considered: (1) fast Mg binding to Zn-AP triggers slow  stoichiometric amount of Zi (4 mol per dimer) and an
conformational changes leading to the production of low- excess of M§" were added to apo-AP in either order before
lability AP; (2) the Zn-AP species itself undergoes a slow assaying the protein’s lability. Figure 7 shows the clear
conformational change before it can bind Mgand then increase in the fraction of low-lability AP when the Kty
quickly converts to low-lability AP; (3) Mg binding to Zn- was added first, while the experiment wheréZwas added
AP is the slow event, and this binding converts the AP to first produced nearly 100% high-lability AP. It thus appears
the low-lability species. Figure 5 shows these possible that bound Z&" hinders M@" binding, thereby keeping the
pathways in a simplified metal binding reaction scheme. To AP in a more labile state.
distinguish between these three possibilities, apo-AP was It is established that while 2Zn is responsible for the
mixed with a constant concentration ofZrand increasing  majority of the enzymatic activity of AP, Mg binding acts
concentrations of MR and assayed for lability over time. to further increase this activityl8). As Mg?" binds and
The rate of lability conversion was found to have a linear converts AP from a high-lability to a low-lability species,
dependence on the concentration ofi¥@s shown in Figure  one would expect a direct correlation between the increase
6. As only pathway 3 would show any Migconcentration in AP activity and in the fraction of AP in the low-lability
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Ficure 7: AP lability dependence on order of addition of metals.

Lability curves for 0.5 mg/mL apo-AP with both 2dM ZnCl, (4
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added first. The fraction of high-lability AP was 0.73 and 0.04,

respectively. The AP was incubated & h with the first metal
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susceptible to GdnHCI denaturation (high-lability state) to
the species with a slower rate of denaturation (low-lability
state) that we have previously observed during in vitro
renaturation of fully denatured AP,(26). The lifetime of

the conversion reaction between these species 4C25

294 h, as shown in Figure 2. The current study tested the
role played by metal binding in this slow conversion. To
this end, we added 2h and Mg* to a metal-free (apo) AP,

a species that is known to maintain a folded and dimerized
structure 80—33). The results of this experiment demonstrate
that polypeptide-folding events, including subunit dimeriza-
tion, are not the cause of the slow formation of the low-
lability state. For example h after ZA* and Mg addition

to a completely folded apo-AP, the majority of the protein
is still in the high-lability state (Figure 4). This is very similar
to the behavior seen using holo-AP that has been completely
denatured and refolded. Since both refolded AP and apo-

and then for 10 min after the addition of the second metal before AP with added metals denature with very similar kinetics,

the lability assay.
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Ficure 8: Correlation between fraction of increased activity and
fraction of low-lability AP. ©) 0.1 mM ZnC}, and 0.1 mM MgC}
were added to 1.4M refolding AP, and activity and lability were
measured over timeld) 0.1 mM ZnC}, and various levels of MgGl
from 5uM to 5 mM were added to 1.4M apo-AP, and activity

with decay times of 6.3 and 93.5 min for the refolded AP
and 6.6 and 92.3 min for the apo-AP with added metals, we
conclude that in both cases the same species of AP are
present. Following a first-order reaction, with a lifetime of
ca. 300 h, this high-lability AP converts to the low-lability
state. This, again, is on a time scale similar to that seen in
the conformational change of AP that has been denatured
and refolded. Thus it appears that the addition of*Zand
Mg?* to a folded apo-AP reproduces the two lability states,
as well as the same long lifetime for conformational
conversion as observed when AP is completely denatured
and refolded in the presence of Zrnand Mg.

In contrast, apo-AP to which only Z2his added displays
single exponential GANHCI denaturation kinetics with a decay
time of 4.7 min that does not change even after a long
incubation time. This decay time is somewhat shorter than
that of the high-lability component of AP when both metals
are present. The complete absence of the slow, 92 min, decay
species seen when both metals are present suggests that the

and lability were measured after equilibrium was achieved. The |ow-|ability species is associated with ®igbinding. The

fractional activity represented here reflects the relative activity

increase over the Zn-AP activity. The solid line represents a best

power-law fit of the equilibrium data, fraction lability (fraction
increase activity)l, which agrees well with a binding model where
the fraction of the low-lability state is equal to the square of the
fractional increase in activity.

form. We have tested this correlation by measuring both

lability and activity in a sample of refolding AP over time

simplest explanation for these observations is that the species
showing the 4.7 min decay represents Zn-AP, the 6 min
decay species, if indeed a distinct AP form may in addition
have one Mg" bound (or a combination of species with zero
and one M§" bound), and the species associated with the
92 min decay represents AP with two Kigbound.

Both Zr** and Mg+ are necessary for the production of
fully stable and fully active APX1, 12). The binding of the

as Mg* binds, as well as in samples of AP that have been ¢, ;r zr2+ ions per dimer by far has the largest effect on

fully equilibrated with increasing concentrations of #g

AP, increasing the resistance to thermal denaturation (Figure

The re;ults_ of both kinetic and equilibrium app_roaches are 3g) and producing most of the thermodynamic stability and
shown in Figure 8. This plot correlates two variables, each enzymatic activity 13, 34—36). By contrast, the binding of

dependent on MY binding, and reveals similar results for

two Mg?" ions per dimer serves to slightly enhance these

both experiments. Moreover, a clear nonlinear relationship 5ctors when added to Zn-AP but provides little stability and

between the increase in activity and the fraction of low-
lability AP is revealed. The solid curve is a power-law fit to
the equilibrium data, which yields an exponent of ZD.2,

no activity when bound alon&%). These facts are consistent
with our present observation that it is Kfgbinding to Zn-
AP that produces the low-lability AP. Just as Mdncreases

suggesting that the low-lability species most likely represents thermodynamic stability of Zn-AP, fromG = 120 kcal/

AP with two bound Mg", while enzyme containing one
Mg?" per dimer is still in the high-lability state.

DISCUSSION

mol to AG = 130 kcal/mol 84), it also increases the kinetic
resistance of AP to denaturation, as seen in the much slower
rate of unfolding. This greater denaturation resistance is
related to the activation energy of unfolding, not thermody-

In the present study we investigated the molecular basis namic stability, but it would be reasonable to expect that an

of the slow conversion of the AP species that is highly

increase in the latter stability would be accompanied by an
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increased denaturation time. Rtgserves to increase both

Dirnbach et al.

Mg?*t is known to increase the enzymatic activity of Zn-

of these factors when added to Zn-AP, though the increaseAP (13), and since the M{-bound AP is also the low-

in denaturation time is much more dramatic.
The binding of M@" to Zn-AP could lead to a low-lability
protein in one of several ways, as shown in Figure 52Mg

lability species, there should exist a clear relationship
between the fraction of low-lability AP and the activity of
the enzyme. Figure 8 shows the correlation between the time-

binding could lower the activation energy of a subsequent dependent increase in the fractional activity and the fraction
rate-limiting conformational change that produces the low- of the low-lability AP, as Mg@" binding approaches equi-

lability species (pathway 1). Alternatively, there could be a librium. Also correlated are the increase in activity and the
rate-limiting conversion of a Zn-AP species to a conforma- fraction of enzyme in low-lability state that are observed
tion that could then bind Mg quickly to produce the low-  under equilibrium conditions established using increasing
lability state (pathway 2). Finally, Mg binding itself could Mg?* concentration (to push the equilibrium toward the?Mg

be the rate-limiting step that produces the low-lability species bound state). In both kinetic and equilibrium experiments,
(pathway 3). The observed conversion of the high-lability the correlation is nonlinear. The solid curve in Figure 8 is a

to the low-lability state would in the case of pathway 3
provide evidence for slow Mg binding, rather than rate-
limiting conformational changes within AP. The results

power-law fit of the equilibrium data, which yields an
exponent of 2.1 0.2. Thus the fraction of low-lability AP
is related to the square of the fractional increase in activity

shown in Figure 6 resolve these possibilities, showing a linear due to Mg" binding. This is consistent with a Mg binding
dependence of the rate of lability state conversion on the model where the increase in activity depends linearly on total

concentration of Mg". Only pathway 3 would be expected
to show such a My concentration dependence, since the
other pathways are rate limited by internal conformational
changes that are independent of the?Mginding rate. The
overall lability conversion ratek,9 for the reversible binding

Mg?* content of AP (each Mg bound contributes equally
to activity) but where two bound Mg per dimer are needed
to form the low-lability state. This result is also consistent
with the linear dependence between¥igoncentration and
lability conversion rate shown in Figure 6, as this rate likely

reaction shown for pathway 3 in Figure 5 can be resolved reflects the binding of the second Kfgto AP. To support
into its two constituent rate constants from the slope and the hypothesis that two bound Kfgproduce the low-lability

intercept, yielding the forward rate; = 29.3+ 1.1 M?
h~! and the reverse rate; = (9.24+ 5.6) x 104 h™.

state, it would be ideal to directly measure the concentrations
of free and bound Mg and to compare these data to the

The above experiments show that the slow conformational lability measurements. Preliminary attempts to conduct this

change in AP is due to slow Mg binding to Zn-AP. One
likely explanation for this slow rate is that bound Zn
impedes M§" binding. Although ZA™ bound to AP increases
the association constant for Kfg(13), it may also serve to
kinetically slow the binding process, either by physically
occupying the Md" site or by inhibiting Mg@" entry. The
results shown in Figure 7 support this view and clearly
demonstrate that adding Znbefore Mg dramatically
hinders the Mg" binding, as reflected by the predominance
of the high-lability enzyme. Conversely, adding Mdirst
quickly produces mostly the low-lability species. Clearly,
the Mg?* rapidly binds in the absence of Zn and having
pre-bound Z#" slows the binding of M§". This order-of-
addition experiment also provides additional insight into the
mechanism of Z# blockage of M@" binding. Since a
stoichiometric amount of Z1 has been added to occupy
the four Zr#* binding sites per dimer, the Mg sites remain
free. We, therefore, conclude that the?Zmhibition of Mg?*
binding cannot be caused by the direct occupation of'Mg
binding sites, but rather by Zh bound in its own A and B

experiment by detection of Mg with fluorescent probes
have not been successful, due to the interference &f itn
the assays.

The effect of M@" binding on the denaturation resistance
of AP appears to be a nonlinear one. The lability decay
kinetics and the activity/lability correlation suggest that the
binding of one M§" per AP dimer increases denaturation
resistance slightly when compared to the Zn-AP but that two
bound Md@" increase denaturation resistance much more
significantly. Thus the overall structural impact of the second
bound Mg" is much greater than that of the first. In general,
this differential structural impact could be due to significant
differences in subunit structure or to subunit interactions that
occur upon ligand binding. The AP monomers are identical
in sequence 10) and nearly identical in structure. The
distances between the metal ligands are very similar in both
monomers, with Zp—Zn, distances of 3.94 and 4.18 A, Zn
Mg distances of 7.09 and 7.08 A, and the:ZMg distances
of 4.88 and 4.66 A 12). The slight structural differences
may contribute to the much greater impact that the second

sites. An examination of the AP structure reveals that bound Mg?" has upon the rate of GdnHCI inactivation. However,

Zn?* does not directly block access to the Mgite but rather
that there is a clear path from solution to the sité)( It
thus appears that Zhbinding creates an AP conformation
that dramatically slows the rate of Migbinding in a more
complicated manner. This result is in agreement with

it appears more likely that Mg binding causes long-range
intersubunit interactions that change the overall AP structure
significantly. This agrees with previous results from experi-
ments with trypsin-modified AP hybrid dimers which
revealed that the modified subunit altered the structural and

previous studies that have shown very slow exchange ofkinetic properties of the other subunit through subunit

6572t with unlabeled ZA" on the order of hundreds of hours,

interactions {8—21). NMR studies of metal hybrid AP

with even slower exchange times in the presence of bounddimers, with Z&™ bound to one subunit and €dbound to

Mg?*t and phosphateld). The present study demonstrates
that bound Z&" also causes slow Mg binding. Increasing
levels of Zrt™ will result in the direct occupation of the Mg
site (L3), further inhibiting the conversion to the low-lability
AP state, due to metal competition for that site.

the other, have found that Znbinding caused substantial
changes in the chemical shift of the €digands over 30 A
away at the other active site, again demonstrating long
distance subunit interaction$). Equilibrium metal binding
studies have demonstrated that the binding of the second set
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