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Supplementary Discussion

Far-UV circular dichroism. The far-UV circular dichroism (CD) of apoMb, fragments and
circular permutants™? has been studied before at pH ca. 6.0. On the other hand, no prior studies
on acid-unfolded apoMb N-terminal fragments were performed before.

Our far-UV CD data for pH unfolded (1-77), (1-119) and (1-153)apoMb are consistent
with the NMR results. The CD spectra (Fig. S1) show that the helical content of (1-77)apoMb is
nearly identical to that of (1-119)apoMb, on a per-residue basis. The random coil content,
however, is larger for (1-119)apoMb due to the introduction of the highly unstructured FG
region. Overall helicity increases and random coil content decreases, as chain length progresses
from 1-119 to 1-153, upon addition of the residues encompassing the native H helix. Based on
the NMR results, the increase in helicity upon chain elongation from 1-119 to 1-153 is likely
attributable to the additional induced helicity in other regions of the protein (A, B and C regions)
due to long-range interactions.

NMR data analysis. Figures S2-S4 show the *H-">N-HSQC spectra of (1-77), (1-119) and (1-
153)apoMb with annotated N and H™ resonance assignments. Chemical shift values for the C*,
HN, N, C” and selected C” assigned resonances were deposited in BioMagResBank (see
Supplementary Methods).

Secondary chemical shifts for the H" and N backbone resonances of (1-77), (1-119) and
(1-153)apoMb are provided in Figure S5. While C* and C’ secondary chemical shifts are

-4 'HN and N shifts are known to

significantly diagnostic for the presence of secondary structure
be influenced by other structural and environmental factors® * and are therefore not good

reporters for the presence of residual secondary structure in (1-77), (1-119) and (1-153)apoMb.
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However, H" and N secondary chemical shifts can still be regarded as qualitative reporters of
variations in the surrounding electronic environment.

The secondary chemical shifts for the H" and N backbone resonances (Fig. S5) for (1-77)
and (1-119)apoMb are remarkably similar. While this result does not shed specific light on the
chain length dependence of secondary structure, it supports the fact that the ensemble is
populated with similar three dimensional conformations in both (1-77) and (1-119)apoMb, given
that the electronic environment is similar. This suggests that the previously reported tertiary
contacts involving the A and the G helix® °® may not be as extensive.

The equilibrium unfolded ensemble AH™ SCS and AN SCS values (Fig. S5 and Fig. S6)
confirm this result. Comparisons between each of the N-terminal fragments and the full-length
protein show that introduction of the amino acids corresponding to the H helix into the
polypeptide chain causes small perturbation in the chemical shift of the second portion of the B
region. While it is hard to interpret the nature of the structural variations resulting from this
effect, due to the heterogeneity of the unfolded ensemble, it is tempting to speculate that there
may be significant B-H contacts underlying the increased helicity found in the A-B-C region as a
result of introducing the H helix into the polypeptide chain.

Determination of percent helicity enhancements in the N-terminal region. The estimated
helical populations for the A, B and C regions of the 1-119 fragment of apoMb and the full-
length protein are shown in Figure 2c. Percent helicities were evaluated from the assigned C*
and C’ secondary chemical shifts and the expected shifts for a 100% helix, as described in the
figure legend. The data of Figure 2c explicitly illustrate the fact that the presence of the C-
terminal residues corresponding to the native H helix enhance the apparent helicity of the ABC

cluster by ca. 7%, i.e., from 5 to 12% in the absence and presence of the H region, respectively.
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Additional comments on AC* SCS values. It is interesting to notice that the AC* and AC” SCS
values smaller than the experimental error (see Fig. 2b) do not randomly fluctuate around zero
but lay mostly on one side. We want to emphasize that this trend is clearly hard to interpret on
solid ground, given that these AC" and AC” SCS values are smaller than the reported
uncertainties. On the other hand, we speculate that such monotonic trends may still be of some
experimental significance, due to their nonrandom nature, and may possibly be due to extremely
small second order effects, leading to tiny variations in secondary structure induced by long-
range interactions. For instance, based on the data in Figure 2b, addition of the residues
belonging to the G region may lead to extremely small decreases in helicity throughout the rest
of the sequence (residues 1 to 77). Conversely, addition of the residues belonging to the native H
helix may lead to extremely small increases in helicity throughout the rest of the sequence
(residues 1 to 119).

Percent helicity enhancements in the N-terminal region. Estimated helical populations for
the A, B and C regions of the 1-119 fragment of apoMb and the full-length protein are shown in
Figure S7. Percent helicities were evaluated from the assigned C* and C” secondary chemical
shifts and the expected shifts for a 100% helix, as described in the figure legend. The data of
Figure S7 explicitly illustrate the fact that the presence of the C-terminal residues corresponding
to the native H helix enhance the apparent helicity of the ABC cluster by ca. 7%, i.e., from 5 to
12% in the absence and presence of the H region, respectively.

Linewidth analysis. We performed full width at half height (FWHH) analysis of the backbone
N nuclei of all three unfolded apoMb constructs analyzed in this work. The results are shown in

Figure S8.
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The sequence-specific FWHH trends observed for the full-length protein, (1-153)apoMb,
are qualitatively consistent with the R2 profile reported by Yao et al. in reference 6 of the
accompanying communication.

Interestingly, Figure S8 shows that the H-region-dependent enhancement in the
secondary structure of the A-B-C region correlates with a selective line-broadening beyond
detection in the A portion of the sequence. This broadening is primarily observed for the full-
length (1-1-53)apoMb, bearing the residues corresponding to the native H helix and, most
importantly, it is absent in (1-77) and (1-119)apoMb. Hence, the above tertiary structure-driven
increase in secondary structure appears to be linked with the establishment of specific slow
dynamic processes on the ps-ms timescale.

No other major line-broadening effects are observed in other regions, as chain elongates.

As shown in Figure S8, the full length construct does not display any line-broadening
beyond detection in the H region, despite the presence of the A-to-H contacts in some of the
unfolded population and despite the observed extensive line-broadening in the A region.

The H region resonances 143 and 144, on the other hand, are fairly broad. The above
observations suggest that line-broadening effects resulting from long-range contacts may, in
general, not necessarily be symmetrical, i.e., they may not need to be present to the same degree
for all the involved interaction counterparts.

While a more complete relaxation analysis is desirable, to more specifically identify
slow-timescale Rex contributions reporting on slow time-scale motions (us-ms) and reduced
spectral densities, the FWHH data presented here are sufficient to highlight a correlation between

slow motions and long-range-contact-driven secondary structure formation in the unfolded state.
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Secondary structure analysis of acid-unfolded apoMb by amino acid type. The C*
secondary chemical shifts of pH-unfolded full-length apoMb were collected by amino acid type,
as shown in Figure S9. The plot shows that, for each occurrences of the same amino acid in the
sequence, the secondary chemical shift, and thus also the secondary structure, assume very
different values. This result clearly indicates that the backbone secondary structure of each
unfolded residue is not determined by amino acid type, and it is influenced by the presence of

other residues in the sequence.
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Supplementary Methods

Expression and purification of N-terminal apoMb fragments. Uniformly *C,*°N-labeled N-
terminal apoMb fragments were overexpressed in E.coli using Tuner DE3 pLacl (in the case of
(2-77)apoMb) and BL21 DE3 cells (in the case of (1-119)apoMb and (1-153)apoMb) (Novagen,
San Diego, CA) in M9 minimal medium containing *>N-NH,CI (1.5g/L) and **C-glucose (2g/L).
Cell growth and purification were carried out as described’.

Circular dichroism. Far-UV CD spectra were recorded at room temperature on an MOS-450
spectropolarimeter (Bio-Logic Science Instruments, Claix, France) using a 1 mm path length
cuvette. All samples were in water adjusted to pH 2.4 with HCI. Sample concentrations ranged
from 6 to 18 uM. The spectra displayed in Figure S1 are the average of two independent
experiments. Two scans were averaged for each experiment. Each scan was performed with a 2
nm band-width, 1 nm step-size and 10 s averaging time per point.

NMR sample preparation. **C,”°N-labeled lyophilized polypeptides (i.e., (1-77), (1-119), or
(1-153)apoMb) were dissolved in a solution containing 5 mM CD3COOH at pH 2.40. The pH
was adjusted to 2.40 with HCI. The samples were then eluted through a 3-mL Sephadex G-25
(fine grade, Amersham Biosciences) spin column pre-equilibrated with 5 mM CD3;COOH at pH
2.40. After the spin column treatment, D,O was added to each sample (final concentration: 5%
v/v). The apparent pH was then readjusted to 2.40 with HCI. The final concentrations of (1-77),
(1-119), and (1-153)apoMb were 313, 280, and 304 uM, respectively. Solutions containing 2,2-
dimethyl-2-silapentane-5-sufonic acid (DSS) for external chemical shift referencing were
prepared under identical solution conditions.

NMR data collection and processing. General considerations and NMR data collection. All

the NMR experiments were performed on a Varian INOVA 600 MHz NMR spectrometer
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equipped with a Varian *H{*3*C, >N} triple resonance probe with triple axis gradients.
Acquisition parameters for the 2D high resolution *H-""N- HSQC? experiments and the triple-
resonance experiments used for resonance assignments (HNCA®*2, HN(CO)CA®, HNCACB™
12,14 and HNCO®'?) are provided in Table 1. Relaxation delays were set to 1 s for all
experiments. Chemical shift referencing in the *H dimension was done with by a 4,4-dimethyl-4-
silapentane-1-sulfonic acid (DSS) external standard. The *>N and **C dimensions were
referenced indirectly as described™ and gyromagnetic ratios of **C/*H = 0.251449530; °>N/*H =
0.101329118 were used™®. In all experiments, the *H carrier frequency was placed in
correspondence of the HDO frequency. The spectrometer temperature was calibrated with neat
methanol’.

Resonance assignments were carried out in close succession within 1.5 months for all
three species in a single NMR session, at 25.0°C.
NMR data processing. The NMRPipe'® and NMRDraw™® software packages were used for NMR
data processing. Linear prediction was performed once (36 points) on the *°N dimension, in all
the triple-resonance experiments. Time domain data were apodized with a 90°-shifted sine-bell
squared window function in both the **C and *°N dimensions, in all 3D experiments. Free
induction decays were apodized with an unshifted Gaussian window function in the *H
dimension of all 3D experiments and in both dimensions of the 2D experiments. A 90°-shifted
sine-bell square window function was applied to *3C and **N dimensions in all 3D experiments.
Triple- and double-resonance time-domain data were zero-filled once and twice in all
dimensions, respectively.

Backbone assignments were carried out by the Sparky-3 software package®®.
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The HN, N, C’ and C* chemical shift assignments for (1-77), (1-119), and (1-153)apoMb,
and assignments of selected C” resonances, were deposited in the BioMagResBank
(http://www.bmrb.wisc.edu). The BMRB accession numbers are 16499, 16500, and 16501 for
(2-77), (1-119), and (1-153)apoMb, respectively.

NMR secondary chemical shift analysis of acid-unfolded apoMb fragments. Reference
random coil chemical shift (RCCS) values, including corrections for neighboring residues, were
calculated according to Schwarzinger et al. 22!, following the relations

Orandom coil-corrected = Orandomcoil + A+ B +C +D ;
where A, B, C and D are corrections for amino acids i-2, i-1, i+1 and i+2, respectively.

Secondary Chemical Shifts (SCS) were calculated from experimental chemical shifts
(CS) according to the simple relation SCS (ppm) = experimental CS (ppm) — sequence-corrected
RCCS (ppm).

Error analysis of NMR chemical shifts. For (1-77)apoMb and (1-119)apoMb, the propagated
uncertainties for NMR chemical shift differences, (see horizontal gray bars in Fig. 4 and
Supplementary Fig. S6) were calculated from two independent resonance assignments, carried
out on two separate samples of each species. In each case, NMR data were collected with the
same acquisition parameters at the same temperature, at comparable pH and protein
concentrations. For each assigned chemical shift of (1-77) and (1-119)apoMb, the standard
deviation of the mean was calculated from the above repeats. The standard deviation for (1-
153)apoMb was estimated as the average of the (1-77) and (1-119)apoMb standard deviations.
The uncertainty in NMR chemical shift differences was then determined according to standard

error propagation procedures® as + the square root of the sum of the squares of the standard
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deviation for each relevant species. No covariance was applied, as judged to be irrelevant in this

case.
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Supplementary Table

Table S1. Experimental acquisition parameters for the 2D HSQC and triple resonance
experiments used for the resonance assignments of pH-unfolded (1-77) and (1-119) N-terminal
apoMb fragments and pH-unfolded full-length apoMb (i.e., (1-53)apoMb). Data were collected
on a 600 MHz NMR spectrometer as described in the Supplementary Materials and Methods.

Experiment Number of complex Sweep Widths
points (t1 x t2 x t3), (Hz)
t1: °C; t2: ®N; IH B¢ BN
t3: *H.

1-77)apoMb
2D HSQC 512 x 2048 6600 - 1500
3D HNCA 80 x 36 x 2048 6600 3620 1500
3D HN(CO)CA 64 x 36 x 2048 6600 3620 1500
3D HNCACB 64 x 36 x 2048 6600 8450 1500
3D HNCO 80 x 36 x 2048 6600 1000 1500

(1-119)apoMb
2D HSQC 512 x 2048 6600 - 1500
3D HNCA 80 x 37 x 2048 6600 3620 1500
3D HN(CO)CA 64 x 36 x 2048 6600 3620 1500
3D HNCACB 68 x 36 x 2048 6600 8450 1500
3D HNCO 64 x 36 x 2048 6600 1000 1500

(1-153)apoMb
2D HSQC 512 x 2048 6600 - 1500
3D HNCA 80 x 38 x 2048 6600 3620 1500
3D HN(CO)CA 64 x 36 x 2048 6600 3620 1500
3D HNCACB 64 x 36 x 2048 6600 8450 1500
3D HNCO 64 x 36 x 2048 6600 1000 1500
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Supplementary Figure Legends

Figure S1. Far-UV CD spectra of (1-77), (1-119) and (1-153)apoMb at room temperature and pH

2.5. Data are shown as (a) ellipticity per unit concentration ([6]/Conc.) and (b) mean residue

ellipticity ([0]mre).

Figure S2. 'H,"N-HSQC spectrum of (1-77)apoMb at pH 2.4 and 25°C with annotated

resonance assignments.

Figure S3. H,”N-HSQC spectrum of (1-119)apoMb at pH 2.4 and 25°C with annotated

resonance assignments.

Figure S4. 'H,®®N-HSQC spectrum of (1-153)apoMb at pH 2.4 and 25°C with annotated

resonance assignments. Red peaks indicate folded peaks originating from the side chain amides.

Figure S5. (a) H" and (b) N secondary chemical shifts of (1-77), (1-119) and (1-153)apoMb at
pH 2.4 and 25°C. The helices of native full-length apoMb are mapped above the graph as black

bars.

Figure S6. Differences between the (a) H" and (b) N secondary chemical shifts of the species

analyzed in this work, i.e., (1-119)apoMb - (1-77)apoMb, (1-153)apoMb - (1-77)apoMb, and

(1-153)apoMb - (1-119)apoMb at pH 2.4 and 25°C. The native apoMb helices are mapped above
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the graph as black bars. The horizontal gray bars denote experimental uncertainties (see

Supplemental Materials and Methods).

Figure S7. Estimated helical populations in the N-terminal region of acid-unfolded (a) (1-
77)apoMb, (b) (1-119)apoMb and (c) (1-153)apoMb expressed as percent helicities for the A, B
and C regions of the sequence. Percent helicities were estimated from the assigned secondary
chemical shifts, averaged over the pertinent portion of the sequence, divided by the experimental
chemical shift expected for a 100% helix. The secondary chemical shifts corresponding to a
100% helix were taken to be 2.8 and 2.1 ppm for C* and C’, respectively?. Estimated percent
helicities are shown for data derived from C* (light blue) and C’ (blue) nuclei. Averages over the
values derived from C® and C’ secondary chemical shifts are shown in black. The percent
helicity of the ABC cluster was calculated by averaging over the secondary chemical shifts of all
the cluster’s residues, defined as amino acids 4-12 (A region), 20-35 (B region) and 46-52 (C

region).

Figure S8. Linewidth analysis, reported as full width at half height (FWHH), of the **N
resonances of (a) (1-77)apoMb, (b) (1-119)apoMb and (c) (1-153)apoMb at pH 2.4 and 25°C.
Dashed lines correspond to resonances broadened beyond detection. The missing resonances
correspond to either prolines or peaks whose FWHH could not be reliably assessed due to

spectral overlaps.

Figure S9. C® secondary chemical shifts for full length apoMb at pH 2.4 and 25°C grouped

according to amino acid type.
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Supplementary Figures
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Figure S4

110

115

15N
(Ppm)

120

125

G23

G5
G73 G150

G121
G25 cso_ G129
G635 G124 15
S58
T95 T51
- 70, |
T39
~ 835
s117
D126 Mo o83
T =D 2
H81 < H24
Q128 m131 D122
HI16 o v s1o§':.'_' E54 K145
' 8 D141 Y146
H64_ |,D60 V66 E136
= H119 A ) V51 =
D27 —Q26 F13§ 501
Ha7 e _dosn F33 E6E1055,507 —L135
- 10
He " < e E85F123 m}r K140 T3 a2
E3 p 128 >
> —E38 Da4_ B4, 7 Leta] =
c - K42 i
M55 E59% ;K”ms‘K3103 —L137 La
E4 K133 K147
© . EB2 kso E109 > K78 'ﬁi(agj A144
H113~ 2 K79 K56 K637 32
| |-149V114 i “Mo7
E83 Ri1s £ Q182 50 L
i o L89 © 149 125 191 ava
' Keg  As3 K87 oAt
* A57A19 7
K96 = ves AT U n
L86 A0,
1992 . 1-_-4UA12? L29
A94 _ K102
ags  L11s A0 76
TL69 A7
I L2
N N , 1 | N \ . \ X } .

S17



H" Secondary Chemical Shift
(ppm)

Figure S5

mrl c B

(1-77)apoMb at pH 2.4

1 L L L L 1 L 1

(1-119)apoMb at pH 2.4

L L L 1 L 1

T W”WWWTWW%W”“WWHW

(1-153)apoMb at pH 2.4

N Secondary Chemical Shift
(ppm)

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Residue Number

l Ales|cllio ¢c BFl c B H
2 (1-77)apoMb at pH 2.4
0
-2
_4 L 1 1 L 1 1 L 1 L 1 L 1 L 1
o | (1-119)apoMb at pH 2.4
. Mmuhw
21
_4 1 1 L 1 L 1 1 1 1 L 1 L 1 L 1
2 b (1-153)apoMb at pH 2.4
0
_4 i 1l 1 al i 1 al " | — 1 i 1 i 1 al " 1 al " | — 1 i 1

0 10 20 30 40 50 60 70 80 90 100110 120 130 140 150
Residue Number

S18



o} AH" SCS (ppm) &

AN SCS (ppm)

0.25

-0.25

0.25

-0.25

0.25

-0.25

Figure S6

A ] B|clloc] £ BBl ¢ B H

i (1-119) - (1-77)apoMb

PR U N (U TN ST T ST ST S ST S |

(1-153) - (1-77)apoMb

(1-153) - T “119)apoMb

-

(1-119) - (1-77)apoMb

(1-153) - (1-77)apoMb

(1-153) - (1-119)apoMb

| W WU ST WU ST ST ST ST T S ST ST S T W |

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Residue Number

S19



% helicity

o

O
S

Figure S7

(1-77)apoMb

= oin Ml

(1-119)apoMb

dn ol

(1-153)apoMb

a0 i

A helix B helix C helix A-B-C
4-12 20-35 46-52 cluster

L

S20



Figure S8
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