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ABSTRACT. Previous NMR studies have shown that many phospholipagBl8A2, from bovine pancreas,
overexpressed iRscherichia coli mutants display some properties reminiscent of a molten globule state.
Further NMR analyses for some of the mutants indicated that formation of the “molten globule-like state”
is a pH-dependent phenomenon. The mutants 19Y and I9F showed perturbed NMR properties throughout
the pH range studied, while the mutants H48A and C44A/C105A displayed native-like spectra at neutral
pH but molten globule-like ones under acidic conditions, with a “transition pH” around 4. On the other
hand, wild-type PLA2 exhibits exceptional pH stability and turns into a similar molten globule-like state
only under highly acidic conditions sucls & M HCI. The H48A mutant was used to rigorously establish

the property of the molten globule-like state of PLA2 mutants. The results of far-UV CD, near-UV CD,
and ANS-binding fluorescence suggest that H48A retains native-like secondary structures but loses tertiary
structure during the conformational transition. However, the tertiary structure is not completely lost, as
evidenced by the retention of some long-range NOEs in two-dimensional NOESY spectra. The conclusion
was further substantiated by three-dimensional NOEBE8QC experiments on'aN-labeled H48A sample.

It was revealed that the molten globule-like state at mildly acidic pH retained some rigid tertiary structure,
which consisted of partiat-helix Il (Y52—L58), a-helix 1l (D59—V63), f-wing (S74-S85) and partial

o-helix IV (A90—N97). These residual tertiary structures grouped in half of the protein could be attributed
to stabilization by some of the disulfide bonds. The extreme sensitivity of the PLA2 structure to site-
directed mutagenesis is unprecedented. It is interesting to note that most of the functional residues (the
active site, the hydrophobic channel, the interfacial binding site, and the calcium-binding loop) are located
in the remainder of the protein, which is well disrupted in tertiary interactions.

Bovine pancreatic phospholipase fPLA2Y) is a small disulfide bridges as well as rich secondary elemenis:
globular protein consisting of only 123 amino acidé, & helices | (W3-113), Il (D40—L58), Il (D59—V63), IV
13.8 kDa). We have recently determined the high-resolution (A90—K108), and antiparallg-wings (S74-S78 and E8%+
solution structure of wild-type (WT) PLA2 at a neutral pH S85). It is thermally and chemically stable. For example, it
(1), and analyzed it in comparison with the X-ray crystal can sustain heating at 7€ for about 30 min during the
structure 2, 3). As shown in Figure 1, this protein has seven preparation of deuterium-exchanged NMR sampf@sand

it is not denatured by guanidinium chloride at the saturated
T This work was supported by NIH Grant GM 41788 to M.-D.T. concentration b8 M in the presence of C4 (5).

The study made use of a Bruker DMX-600 NMR spectrometer at The  Considering all of the features of stability, one would
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Helix IH recent NMR structural analysis of WT PLA2)(opens up

'y ) the possibility for more detailed characterization via solution

{ NMR (18).

In this paper, we first report that the formation of the
molten globule-like state is a pH-dependent phenomenon and
then present further characterization on its nature by far-
UV CD, near-UV CD, ANS-binding fluorescence, and NMR
experiments on selected mutants. We demonstrate that this
conformational state induced by site-specific mutagenesis
under mildly acidic conditions possesses several distinct
features that characterize a molten globule, but it also retains
a somewhat structured upper half. The lower half, which
loses significantly the tertiary interactions, consists of most
of the functional residues in PLA2 (the active site, the
hydrophobic channel, the calcium-binding loop, etc).

Helix |

MATERIALS AND METHODS

FiGURE 1: Ribbon diagram of bovine pancreatic PLA2 soluton ~ Materials. Samples of WT, 19Y, I19F, H48A, and C44A/
structure showing the secondary elements, seven disulfide bondsC105A were bovine pancreatic PLA2 mutants overexpressed
and the mutated residues (C44, C105, 19, and Hag)The four in Escherichia coli(19). The mutated sites are highlighted
helices are labeled as helix I, II, lll, and IV. The figure was prepared in Figure 1. The construction of these mutants and the
using the program MOLMOLS3). 9 ) . . . .

procedures of protein purification have been described in
R the Phospholipase AEngineering series7( 9, 12). A

Typically, th t h teri NM ; o )
ypically, these mutants are characterized by broad uniformly *N-labeled H48A mutant was purified by growing

resonances, narrow chemical shift dispersion, loss of slowly : : :
exchanging NH protons, and a significant loss of NOE cross- host cells BL21(DE3)[pIysS] in M9 medium with"\H)z-
peaks. These features from NMR experiments, along with S @S the only nitrogen source@. - _
the retention of secondary structures as indicated by far-uy  NMR SpectroscopyAll NMR experiments were carried
CD spectra, are apparently characteristic of a molten globule ©Ut 0n @ Bruker DMX-600 spectrometer equipped with & 5
state (reviewed in4, 15). However, unlike classical molten MM triple-resonance probe with three-axis gradients. The
globules, these PLA2 mutants still retain some fixed side €XPeriment temperature was always set t°G7
chain-side chain interactions, and they still undergo coop- ~ To investigate pH effect and to assign aromatdiphatic
erative denaturation induced by guanidinium chloride. NOEs, the one-dimensional (1D) and two-dimensional (2D)
The occurrence of this conformational flexibility in PLA2 ~ *H NMR experiments were conducted in@ The deuterium-
mutants is highly unusual. This phenomenon presents threeexchanged samples were prepared as described previously
challenging problems: to further characterize and define (9), Which typically contained about 0.7 mM enzyme, 50
these molten globule-like states, to understand the factorsmM CaCb, and 300 mM NaCl. TMSP was used as an
stabilizing the residual structure, and to explore the structural internal chemical shift reference. The pH* was adjusted with
features responsible for the high tendency toward formation NaOD and DCI stock solutions and measured with a micro
of molten globule-like states upon mutation. Understanding combination glass electrode in sample preparation and during
of these problems will likely enhance the understanding of the pH titration experimeritThe solvent suppression was
the structure-function relationship in PLA2 and provide achieved by presaturation in all NMR experiments. In 2D
valuable insights into the principles of structural stabilization NOESY experiments, 200-ms mixing time was used and the
and even the mechanism of protein folding. total acquisition time was about 15 h. A COSY experiment
This paper focuses mainly on the first problem: further Was performed for each sample at neutral pH* to assist
characterization and definition of the molten globule-like assignments of aromatic spins.
state(s) of PLA2 mutants. This is an important step for the  '*N-Labeled and nonlabeled H48A samples were used to
following reasons: (i) In all of the previous reports, the NMR investigate the conformational changes associated with
analyses were performed around pH* 4.0, at which the backbone amides. Samples containing same salts were
possible microaggregation could be avoid8pand the best ~ dissolved in a 95% bD/5% D,O mixture (referred to as
overall resolution was achieved)( It is very common to ~ “H2O” hereafter). For all spectra, a 3-9-19 pulse sequence
perform detailed NMR analysis of proteins at this slightly (21) was used to suppress the water signal. 2D NOESY
acidic condition. However, the pH effect has to be examined spectra were recorded at pH 6.0 and pH 4.0 on nonlabeled
because it is well established that acid plays a role in the H48A with a mixing time of 200 ms. Parallel experiments
formation of molten globule stated4, 16). (ii) Although were conducted on WT for the purpose of comparison. To
the mutants mentioned above were reported to exist in a stateget detailed analysis, 2D HSQQZ 23) and three-
similar to the molten globule state mainly on the basis of dimensional (3D)*N-edited NOESY-HSQC 24) experi-
NMR properties, the nature of these states has not beenments were conducted at pH 6.0 and pH 4.0 on the uniformly
further probed by other spectroscopic methods such as near?*N-labeled H48A mutant. Quadrature detection in the
UV CD and fluorescencel{). (iii) Most importantly, the
structural description of the molten globule-like state is 2 pH values are direct measurements at 5 without any
essential for understanding the other two problems. Our correction. pH* indicates the measurement isOD
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indirect dimensions was via States-time proportional phase (A) (B)
incrementation (States-TPPIRF). The 3D experiments
utilized 120 ms mixing time. The sweep widths were set to = o [ N
9615, 2127, and 9165 Hz for F3H), F2 ¢5N), and F1 tH), . o oo 02
respectively. The data matrices were 2048 (B, x 64 e o ° H g;
(F2,15N) x 256 (F1,H), with total acquisition time about © b A o oo
90 h. Both F1 and F2 indirect dimensions were weighted by [y o
a 90 shifted squared sinebell window function, and the . e
acquisition dimension (F3) was zero-filled to 4096 complex ) [y 4
points followed by application of the Gaussian window L 790 0 v Oodo . F1.6
function. {g-e ‘dped oo
Data were processed with XWINNMR software (ver. 2.0,
Bruker) installed on Silicon Graphics workstations. The & -
assignments were made on the basis of total chemical shift [ ¢ 4
assignment on WT PLA2 at pH 6.Q)( L6 6
CD SpectroscopyCD spectra were collected on a JASCO [ 6 8
J-500C spectropolarimeter using a quartz microcell of 1-cm L7 0
length. The measurements were carried out af@7n a L7.2
thermostatically controlled cell holder. The samples for the 7.4
far-UV CD experiment contained 5/ enzyme, 30 mM y 7.6
NaCl, and 10 mM CagGlin double distilled water, and the ?me
samples for the near-UV CD experiment contained 0.13 mM o T —

— — T
7.5 7.0 6.5 ppm 7.5 7.0 6.5

protein, 300 mM NaCl, and 50 mM CaclThe pH was FIGURE 2: Partial NOESY spectra of 19Y (A) and I9F (B) at pH*
ad]ust_ed with NaQ.H and HCI StOCk.SOIUtlonS' Th(.a €D 7.0, recorded in B0 at 37°CF.) For comparisons, see Liu et aTF.))(
experimental conditions were 20 nm/min, step resolution 0.2 to the NOESY spectra of these two mutants at pH* 4.0.

nm, bandwidth 2.0 nm, 24 scans for each run. The data

were saved and then processed in commercial graphicssponding spectra of C44A/C105A are similar to those of
software with curve smoothing. Mean residue ellipticity H48A and are thus not presented. For the mutants in this

values (P]mw) Were calculated using the expression: category, a “transition pH” from the native-like state to the
5 molten globule-like state can be clearly identified, as
[0] mrw(degem’/dmol) = 1009, dlc illustrated by the 1D NMR spectra of C44A/C105A in Figure

) o ) 4. The spectra in Figure 4 show that from pH* 7.8 to 4.5
wherefopsis the observed ellipticity in degreesis the molar  {here are small changes due to the pH effect, but the overall
residue concentration, arids the light path in cm. resonances remain sharp and well dispersed. Line broadening

ANS-Binding FluorescencéANS was purchased from  4.crs at pH* 4.0 and becomes severe at pH* 3.5. When
S.igma'(St. Louis, MO) and further purified by recrystaliza- he sample was titrated back to pH* 7.1, the native-like
tion twice as described by Weber and You@g)( The ANS  gnecirum was fully recovered, indicating that the acid-
concen_trat_lon was (_Jletermlned spectrophotometrically usingjnquced effect is reversible. The H48A mutant displays a
the extinction coefficient 4.95 10° M~* cm™ at 350 M. gimijar behavior with a transition pH* around 4.0. On the
The fluorescence instrument was an SLM model 8100 qiher hand, WT PLA2 is able to retain its native-like structure
spectrofluorometer upgraded with computer control. The except under highly acidic conditions such &M HCI, as
sample contained 3@M ANS, 2.7 uM protein, 300 mM described in a later section.

NaCl, and 50 mM CaGl The emission spectra were obtained  characterization of the Molten Globule-like State of H48A
at 37°C b_y coIIe.ctmg emission fluorescence from 400 to by CD and FluorescenceThe results described in the
600 nm with excitation at 390 nm. previous section, as well as related results described in
RESULTS previous publications, are mainly based*shNMR studies.

In what have become routine methods in the study of molten

The Structural Perturbation Is pH- and Mutation-Depend- globules, CD and fluorescence are usually employed to
ent.Most of our previous NMR analyses were performed at follow the conformational changes.
pH* 4.0. To investigate pH effect, we have now performed  H48A was used to rigorously establish the property of the
1D and/or 2D'H NMR analyses for some of the mutants at molten globule-like state of PLA2 mutants. One of the key
different pH* (from pH* 8 to pH* 1). The results indicate  properties of a classical molten globule state is that it loses
that the “global structural perturbation” or the formation of the tertiary structure while retaining the secondary structure
the “molten globule-like state,” as described in previous (14). It has been well-established that the far-Uv CD
studies (e.g9), is a pH-dependent phenomenon. The mutants spectrum of a protein reflects its secondary structure, whereas
19Y and I9F show perturbed NMR properties throughout the the near-UV CD spectrum reflects its tertiary struct@® (
pH range studied; the representative NOESY spectra at pH*As shown in Figure 5A, the far-UV CD spectra of H48A
7.0 are shown in Figure 2. The mutants H48A and C44A/ remain largely unchanged from pH 7.0 to pH 0.7, suggesting
C105A (a double mutant with a disulfide bond deleted), on that H48A retains a high degree of native-like secondary
the other hand, display native-like spectra at neutral pH* structure throughout the entire pH range. The spectra are in
and molten globule-like spectra at acidic pH*, as shown by agreement with ca. 45%-helical content. On the other hand,
the 2D NOESY spectra of H48A (Figure 3). The corre- the near-UV CD spectra shown in Figure 5B display
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Ficure 3: Partial NOESY spectra of H48A at pH* 7.0 (A), 3.8 (B), and 1.3 (C), recorded,{D & 37°C.

significant changes between pH 4.9 and 2.0, characteristicC105A mutants displayed native-like chemical shifts of
of a loss of the tertiary structure. aromatic spins (Figure 3A). When pH was lowered to acidic

Fluorescence is another useful tool. However, the fact that conditions, conformational changes were immediately ap-
the only tryptophan is solvent-exposed in PLA2 necessitated parent in 2D NOESY spectra. For example in Figure 3B
the use of ANS as an extrinsic probe. The important recorded around pH 3.7, NOEs were fewer in number, more
characteristic of the molten globule state is that it shows poorly dispersed, and of lower intensity. One of the most
enhanced binding of ANS due to enhanced accessibility (or noticeable features was that signals around 0 ppm, assigned
exposure) of the hydrophobic core of the proteid)( The to 19 and L41, were reduced to the noise level. The side
emission maximum of ANS is at 515 nm with a low quantum chains of these two residues display extensive NOEs to F22
yield. The fluorescence curves of pure ANS are almost (from 19 and L41), F106 (from 19 and L41), and Y111 (from
identical in the entire pH range studied. When it binds H48A L41) in the native statelj. The loss of these NOEs coupled
at neutral pH, the fluorescence intensity is increased con-with the loss of the characteristic chemical shifts of these
siderably and the peak is blue-shifted to around 480 nm aromatic spins (e.g., Hof Y111 ~ 6.15 ppm) strongly
(Figure 6, curves a and b). As shown in Figure 6, the signified disruption of the tertiary structure in the lower half
fluorescence intensity of ANS is further enhanced substan- of the protein (in reference to the structure shown in Figure
tially from pH 4 to pH 3, suggesting a transition to the molten 1).
globule-state. In agreement with the NMR experiment shown  On the other hand, a set of interresidue NOE cross-peaks
in Figure 4, the ANS-binding fluorescence experiment (data is retained in the molten globule-like states, as shown in
not shown) also indicates that the native-to-molten globule Figures 2 and 3B. The unique chemical shifts of F94 allowed
transition induced by pH is a reversible process. unambiguous assignments of the cross-peaks/(A%b)/

In Figure 7, near-UV CD signals at 282.4 nm and relative H?<(F94), H(Q54)/H:(F94), and HL94(L58)/H<(F94),
fluorescence intensities at 484 nm are plotted against pH.indicating strong contacts between helices Il and IV. Another
The transition pH was estimated to be 3.4 by fitting the four pairs, HZ(195)/H><(Y73), H}(182)/H><(Y75), H{(M8)/
ellipticity changes at 282.4 nm to a two-state model (native H*<(Y73), and H(M8)/H%<(Y75), are tentatively assigned
state < molten globule-like state). This result provides in H48A (see the Supporting Information) but are also likely
further support to the NMR results described in the previous to appear in other mutant§13). Interestingly, all of the
section. residues involved and theCH; of M8 are situated in the

Retention of Some Rigid Tertiary Interactions in the Molten upper half in Figure 1.

Globule-like StateThe classical molten globule is known Retained Tertiary Interactions Are Localized in the Upper
for its complete disruption of rigid packing and thus the loss Half of the StructureThe H48A sample was used to further
of rigid tertiary interactions¥4, 15). However, analyses of = map the structured residues in the molten globule-like state
2D NOESY spectra suggested the retention of some rigid through the analysis of backbone amides. Figure 8 provides
tertiary interactions in our molten globule-like states, as qualitative comparisons of amide regions between H48A and
explained below. WT and between different pH values for each sample. The

There are one Trp, four Phe, and seven Tyr residues indetailed analysis of H48A was achieved by means of

bovine pancreatic PLA2. At neutral pH, H48A and C44A/ heteronuclear NMR experiments on a uniforriiy-labeled
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I Ficure 5: CD spectra of H48A. Details of data collection are given
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o 71 in the far-UV CD experiments because the @in interferes with
P : the measurements. (A) Far-UV CD at the following pH: (a) 7.0,
(b) 6.0, (c) 5.1, (d) 4.0, (e) 3.1, (f) 2.2, and (g) 1.0. (B) Near-UV
CD as a function of pH: (a) 7.8, (b) 6.7, (c) 5.8, (d) 4.9, (e) 4.0,
(f) 3.0, (9) 2.0, (h) 1.0, and (i) 0.6.
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FiGURE 4: 1D H NMR spectra of C44A/C105A as a function of 8 06 -
pH*, recorded in DO. The top spectrum at pH* 7.1 was recorded s )
by titrating the sample back from pH* 3.5. The peaks marked with 2 05 -
a, b, and c in the spectra recorded at pH* 3.5 and 0.5 have been L
assigned to the Hresonances of C77, Y75, and S74, respectively. GS 0.4 4
o
sample. Experiments such as 2D HSQC and 3D NOESY- = 0.3 1
HSQC were carried out at pH 6.0 and 4.0. At pH 6.0, the = 0.2 J
sample produces a well-dispersgt--15N correlation spec- ~
trum (Figure 9). All but 9 of the 119 possible backbone 0.1 +
amides were assigned on the basis of the WT assignments 0.0 : : :

(2). With the exception of A48 and its neighboring residues
(e.g., D99, Y52, and A102), most of the backbone amides
have chemical shifts similar to those in WT. Therefore, the
conformational changes between H48A and WT are only

Ficure 6: Fluorescence emission spectra of ANS (a) in the absence

localized.
. of H48A, pH 6.9; (b-f) in the presence of H48A, pH 6.9 (b), pH
When the pH was lowered to 4.0, the Changes in the 5.0 (c), pH 4.0 (d), pH 3.1 (e), and pH 2.7 (f). The spectrum of

amides were dramatic. First, the peaks in the HSQC spectrumpure ANS in the buffer does not change in the entire pH range.
became broad and poorly resolved, especially in the region Details of data collection are given in the Materials and Methods.
roughly defined by>N 115-125 ppm andH 7.7—8.7 ppm C123, was found missing or probably was broadened out to
(Figure 10). A set of well-disperséti—1°N cross-peaks in  the extent of being undetectable. Second, there was substan-
the native state, such as C27, Y28, G35, V38, N112, andtial loss of amide-related NOEs in NOESY spectra (e.g.,

400 450 500 550 600

Emission Wavelength (nm)
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€ 100 1.0 solution structure with assigned amides labeled and with the
5 . v ° side chains of M8, Q54, A55, L58, Y73, Y75, 182, F94, and
o 807 ro9 2 g 195 highlighted. It is obvious that the assigned residues group
N3 604 Los 3 & in the upper half. While present data do not allow us to
T‘: £ o NearUV =% pinpoint the origin of stabilization forces, close examination
gnnE 40 Fitted curve 0.7 E IS of Figure 11 suggests a potential effect from disulfide bonds.
A S 5 . e Fuorescence | gg O %‘ C91-C61 and C98C51 could plausibly provide support
% %” L 25 for the tertiary interaction between helices Il and IV and
L 0 e N r 0.5 E = between helices Ill and IV in the upper half of the enzyme,
2 0 o _ 0.4 while C84-C96 may be attributed to the stabilization of

pH

interaction betweefi-wing and helix IV. The disulfide bond
of C11-C77 may also make some contributions. This
proposition, however, does not rule out the contribution from

FiGURE 7: Near-UV CD signals at 282.4 nm and relative fluores- Other long-range interactions.
cence intensities at 484 nm are plotted against pH. The transition Acid Cannot Completely Unfold the Mutanégid is weak
pH was estimated at pH 3.4 by fitting the ellipticity changes at in denaturing capacity compared with other denaturing agents
282.4 nm to a two-state model (native statemolten globule like such as guanidinium chloride and ur&9){ Among many
state). different acids, HCI is the choice to check the maximum
Figure 8B), including those characterizing secondary struc- acid-induced unfolding because it has the poorest ability to
tures such as NN(,1). These observations can be stabilize the intermediate sta®lj. In this work, it was found
attributed to a rapidly interconverting mixture of different that H48A and C44A/C105A mutants could not fully unfold
populations in the molten globule-like state, by which the in the pH range studied: between pH 7.3 and 0.5.
severe exchange broadening results in the missing™f H  The drastic conformational changes occurred around pH
peaks 28). However, in accord with the analyses in the 4.0 for H48A and C44A/C105A mutants. From there and
aromatic-aliphatic region, the protein was not completely down to~ pH 0.5, the changes in conformation are gradual
unstructured. There existed a reasonable amount of inter-rather than dramatic on the basis of the observations in NMR
residue NOEs, including some connectivities reflecting the and CD. What was observed in this pH range can be
persistent secondary elements. Table 1 in the Supportingsummarized as follows: (1) The protein keeps losing tertiary
Information lists the interresidue NOEs that have been structure as revealed by near-UV CD and 2D NOESY, but
assigned in 3D'H—'N NOESY-HSQC experiments. In  the side chaifrside chain NOEs of Q54/F94, A55/F94, and
summary, NN(i, #-1) stretches were found in the following L58/F94 are still visible in 2D NOESY recorded at acidic
segments: Q54L58 (helix 1), D59-V63 (helix IIl), and pH (Figure 3C), which indicates strong interactions be-
A90—C98 (helix 1V), while medium and strongN(i, i+1) tween helices Il and IV. (2) A significant amount of
were still observed in thB-wing (S74-N79 and E81T83). secondary structure is still preserved as evidenced by far-
The preservation of thg-wing was further supported by UV CD (Figure 5A). However, th@-sheet starts to lose its
HN(S78)/H'(E81) NOE. On the other hand, these secondary structure probably around pH 2.0, as signified by a gradual
structure elements are apparently not as well defined as theirdecrease in the resonance intensities of three downdield
counterparts in the native state in terms of NOE number and protons (S74, Y75, and C77), which are indicative of
intensity. For instance, the intensities of assigned sequentialstructureds-strands. These peaks are barely visible at pH*
NN(, i+1) NOEs are generally reduceddnhelices, while 0.5 in C44A/C105A mutant (Figure 4, spectra at pH* 3.5
in the 5-wing, the increased flexibility is clearly evidenced and 0.5).
by the absence of {S76)/H(S85) NOE. Wild-Type PLA2 Exhibits Exceptional pH Stabiliyhile

In summary, most, if not all, of the connectivities in the the results described above show that the structure of PLA2
molten globule-like state of H48A were found in the segment can easily be perturbed by certain site-specific mutations and
of 52—97. These residues also account for 38 of 41 amide that the structural perturbation of some of the mutants is
cross-peaks assigned in HSQC (Figure 10), in which the sideinduced by weak acid, WT PLA2 displays well-resolvét
chain amides of Q54, N80, N88, and N97 are also well NMR resonances even at pH* 2 or 3, as shown by the pH
dispersed and do not show significant changes relative totitration experiment of 1DH NMR (Figure 12). Only when
native ones. Moreover, there exist tertiary interactions concentrated DCl was added (e.g., titrated to around pH* 0)
between helices Il and IV and between helix IV ghaving did the protein give broad NMR resonances and lose NOE
in the region defined by the above residues. All of these cross-peaks as significantly as did those mutants in molten
NMR data led to the suggestion of a partially structured globule-like state (top spectrum in Figure 12). Although only
molten globule-like state, despite that the structured part isthe spectra at six different pH values are shown in Figure
obviously not as good as the counterpart in the native state.12, separate detailed titration experiments have been per-

Consistent with the conclusion reached from NMR analy- formed with 24 different pH* values ranging from 1.9 to
ses, we have noticed that the magnitudes in ANS fluores- 9.2 (spectra not shown). In addition, 2D NOESY experiments
cence changes observed in Figure 6 are smaller than thoséave been performed at selected pH*: 7.1, 3.9, and 0 in
observed for other molten globules (e2p). Also, the near- D,O (Figure 13), and at pH 6.0 and 4.0 in® (Figure
UV CD peaks in Figure 5B do not completely disappear 8C,D). It is of importance to note the distinct similarity
after the transition. between Figure 13C and the NOESY spectra of mutants in

The Retained Tertiary Structure Could Be Stabilized by the molten globule-like state. For example, the NOEs of Q54/
Disulfide BondsFigure 11 shows a stereodiagram of a PLA2 F94, A55/F94, and L58/F94 can be unequivocally assigned
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Ficure 8: Partial 2D NOESY spectra recorded in®ishowing the amide region: (A) H48A at pH 6.0; (B) H48A at pH 4.0; (C) WT at
pH 6.0; and (D) WT at pH 4.0.
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FIGURE 9: H—15N HSQC spectrum recorded in& at pH 6.0 on thé®N-labeled H48A sample. 110 out of 119 possible backbone amides
have been assigned.

and the NOEs of 19 and L41 are mostly lost (Figure 13C). DISCUSSION

However, we have not performed more experiments to . |nduced Conformational Changes of PLARISA was

characterize the transition to and the nature of the molten gg|ected for a thorough study in this work by a combination
globule-like state for WT PLA2 because concentrated HCl of cp, fluorescence, and NMR because of its catalytic

and salts are unfavorable for CD, fluorescence, and NMR gjgnificance and intriguing structural properties. The conclu-

experiments. sions reached from this mutant presumably can be extended
Nevertheless, our results are sufficient to indicate that WT to other mutants and WT. On going to the molten globule-
PLA2 is acid stable, retains native structure at least underlike state, the tertiary packing is disrupted while the
mildly acidic conditions, and is probably converted to a secondary structure is mostly retained. The protein experi-
molten globule-like state only at extreme pH (e.g., after ences increased structural flexibility in a heterogeneous
addition d 1 M HCI). manner rather than a uniform melting. Specifically, the lower
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FiGURE 10: H—1N HSQC spectrum recorded in,8 at pH 4.0 on thé>N-labeled H48A sample. Only 41 backbone amides could be
assigned.

IM DC1
pH* 1.0
pH* 3.1
FiGURe 11: Stereodiagram of the PLA2 solution structurec@rbon
trace) showing the side chains (heavy line) assigned in the NOESY
spectrum and the backbone amides (gray dots) assigned in the H* 4.0
HSQC spectrum for H48A mutant at pH 4.0. It is obvious that pHz A4
these residues are grouped in the upper half. The four disulfide
bonds (C5%+C98, C61-C91, C84-C96, and C1+C77) could be
responsible for the retention of partial tertiary structure. pH* 5.0

half of the protein with extensive hydrophobic interactions

involving 19, F22, L41, F106, and Y111 loses its tight RAREASEES)aiasssass AR EAR LY LaRRARRARY

packing at the onset of unfolding, whereas the upper half pen 8 7 6

remains relatively structured. On approaching extreme pH, FIGURE 12: 1D *H NMR spectra of WT PLA2 as a function of

the tertiary structure becomes less ordered but rigid contactg?™" recorded in O at 37°C.

still exist to some extent between helices Il and IV. possible candidate, whose side chain pointing inside is

Meanwhile, thes-wing starts to lose its secondary structure. engaged in interactions with several residues in the lower

It should be noted that the transition to a molten globule- 4 of the protein.

like state induced by pH must be accompanied by the release |; remains to be established why some of the mutants are

of calcium ions because the binding loop becomes disordered g susceptible to acid-induced changes. While these problems
In acid denaturation, intramolecular charge repulsion is are subjects for further investigation, one possibility is that

the driving force for unfolding. The protonation of certain the conformational transition could be triggered by the release

residues involved in critical interactions could trigger the of calcium ions. However, this would require Egperturba-

onset of unfolding, resulting in a melting of tertiary packing tion in the side chain of D49, the calcium binding residue,

(32. For H48A and C44A/C105A mutants, the likely between WT and mutants. Furthermore, D49 mutants do not

candidates for protonation could be confined to one or more exist in a molten globule state at pH 483]. Thus, while

of His, Asp, and Glu residues, whosk4ran be somewhere  calcium release must accompany the formation of the molten

around pH 4.0. Structural inspection suggested D39 as aglobule-like state, it does not appear to trigger the event.
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Ficure 13: Partial NOESY spectra of WT at (A) pH* 7.1, (B) pH* 3.9, and (C) in the presefdeM DCI, recorded in RO at 37°C.

An important point of clarification is that we have not These data thus provide compelling evidence that the highly
stated or assumed that there is no structural change prior toordered antiparalle|s-wing is populated in the molten
the global conformational transition. For example, even globule-like state of H48A. In addition, thg-wing can
though WT PLA2 was able to retain its native-like state over sustain strong acid before losing its structure, as mentioned
a wide range of pH, this does not mean that there no above. This relative persistence of tfiesheet could be
structural changes in that range. There must be some locakttributed to the stabilization by its enriched and mostly
changes, as evidenced by the small changes of théHLD  solvated polar side-chains.

NMR spectra observed in the detailed pH titration experi- Despite generally poor sequence conservation in this
ments and subtle differences in 2D NOESY experiments segment, all known class | and class Il PLA2 structures
(Figures 8C vs 8D, and 13A vs 13B). Moreover, the calcium contain one well-developggtwing (36). Because of its lack
ion is likely released from PLA2 at acidic pt84). These  of functional residues, the-wing has received little attention
local changes also warrant detailed investigation because theyn structure-function relationship studies. The role of this
are obviously functionally relevant. segment should be to maintain PLA2 structural integrity

A Stablgf-Sheet and Fluctuating-Helices?In terms of through the Y73-D99 hydrogen bond between tjfewing
hydrogen-deuterium exchange rate;helix 1V is regarded and helix IV and the C7#C11 disulfide bond between the
as the most stable secondary element in WT PLA2, followed $-wing and helix I. The importance of these two interactions
by a-helix 1. For instance, HSQC recorded after 6 days of to structure has been confirmed by mutagenelis 12).
exchange at 37C only revealed 10 residues, all in helix IV Comparisons with Other Proteindlolten globule states
(C96, N97, C98, D99, R100, N101, A102, A103, 1104, and have been characterized by significant structural variability,
F106) ). Interestingly, both helices are only partially ranging from highly unfolded to near native-like structures
structured in the molten globule-like state of H48A. Fur- (15). In recent years, several proteins were shown to acquire
thermore, the retained structure in helix IV consists of a a partially folded state, sometimes called the A-state. For
different set of residues: ASEN97. Whether structured or  example, the molten globule structures of apocytochrome
not, the helices overall are becoming fluctuating. This may bse, (37) and interleukin-4 8) are both highly ordered
be visualized through a theoretical simulation on the unfold- compared to most other molten globule states. Also, in the
ing of hen egg-white lysozym&$), in which the main chain  globule acidic form of cytochrome (39), the major helices
C=0 and H-N groups in the helices quickly alternate of cytochromec and their common hydrophobic domain are
between bonding with each other and with nearby water largely preserved while the loop region of the native structure
molecules in the molten globule state. is flexible and partially disordered.

The -wing, in contrast, has a less perturbed structure.  Although many proteins become molten globules only at
First, most of the amides in th&wing could be observed extreme pH such as pH 2.0, it has been observed for other
in HSQC at pH 4.0. Second, their chemical shifts, as well proteins to undergo global changes under mild conditions.
as those ofo. protons, remain well dispersed and almost For example, a fully active mutant of human interleukin-6
unchanged (see the Supporting Information). Third,cthie (40) was reported with the transition midpoint of pH4.5,
connectivities and MS78)/HY(E81) NOE are still retained.  and it was suggested that Glu and/or Asp residues are
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responsible for this conformational transition. That midpoint states of proteins is central to understanding protein stability
shift in pH changes from WT to mutants, presumed to reflect and folding, as well as providing a basis for protein design.

the changes in stability of the native and intermediate states,There is growing evidence that the molten globule states may
has also been observed in apomyoglobin, investigated byresemble folding intermediates and a residual structure in
Baldwin and co-workersA(d, 42). Interestingly, the midpoint  the denatured state may contain clues to folding evdfs (

of pH 4.0 in WT was caused by a perturbdg,pf one buried One specific example is apomyoglobin investigated by

His residue. Mutation on this site was shown to stabilize Wright, Dyson, and co-workerg6, 47), whose NMR work

the native state, shifting the midpoint of natiweintermedi- demonstrated that pH-dependent partially folded molten

ate to lower pH. globules are likely to occur during folding of myoglobin.

In another point, we attribute the structured upper halfto  Protein folding is beyond the scope of this paper.
the stabilization of several disulfide bonds. Similar attribution Nevertheless, the work presented here might have some
was also mentioned in the study of the molten globule state implications on this subject. First, molten globules are usually
of bovine serum fetuin, which possesses quasi-intact second-observed under highly denaturing conditions such as extreme
ary structures and some long-range interactie3. ( pH, high temperature, or moderate concentration of denatur-

Implications in Enzyme #olution. Many proteins dem-  ant. Our results suggest that the condition can be softened
onstrate remarkable tolerance to amino acid substitutionsby appropriate mutagenesis in this regard. Second, it was
(44). In other words, mutations are only accommodated by suggested that “highly ordered molten globules” are likely
minor adjustments of protein structure without substantial to resemble the structures occurring late in the protein folding
decrease in the overall stability. This plasticity is well process48). The molten globule-like state of PLA2 can also
exemplified by adenylate kinase (AK), a protein that has no plausibly correspond to on-pathway folding intermediates.
disulfide bonds and is only marginally stableG4"° = 3.8 That the very different mutants H48A and C44A/C105A bear
kcal/mol) @5). Among the more than 50 mutants that have similarity in the pH-induced unfolding state could suggest
been characterized in our group, most, if not all, show only that the folding at the final stage involves tuning of tertiary
minor changes in the NMR properties and in the conforma- interactions mostly in the lower half of the molecule.
tional stability relative to WT 45). By contrast, the rigid The main incentives to protein design have been to test
and stable PLA2 structure appears fragile; mutants areour understanding of protein structure and to design a novel
comparatively easily induced into a molten globule-like state. protein possessing therapeutically or industrially important
Although structural perturbations caused by single mutations activities @9). The past two years have observed a major
also occur with other proteins, the frequency of occurrence advance in de novo protein design accomplished by several
and the extent of perturbation in PLA2 are unprecedented, groups 60, 51). It appears surprisingly easy to obtain
which is particularly unexpected in view of the extreme heat globally correct folds. However, the difficulty still exits in
and acid stability of WT PLA2. The behavior of PLA2 can designing well-ordered core532), let alone designing novel
be interpreted as “stable but fragile,” while AK can be said proteins for pharmaceutical applications. The likelihood of
to be “unstable but flexible.” One could draw an analogy success will be enhanced ultimately by progressive design
that PLA2 and AK are like glass (hard and fragile) and rubber and iterative cycles. Further interplay between structure and

(soft and flexible), respectively. function will be especially important in view of potential
The fragile sites in PLA2 include two key catalytic designed pharmaceutical enzymes. The detailed study on
residues, H48 and D99. It is well-known that D9#48-- PLA2 potentially could provide very useful information in

-H,0 is the catalytic triad in PLA2. However, our work, ( this respect.
6, 9, 10) has led to an important finding of the structural
role of another triad Y73-D99+-H48, which could be =~ ACKNOWLEDGMENT
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