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ABSTRACT: Recombinant proteins (RPs) are commonly
expressed in bacteria followed by solubilization and
chromatography. Purified RP yield can be diminished by
losses at any step with very different changes in methods
that can improve the yield. Time and labor can therefore
be saved by first identifying the specific reason for the low
yield. This study describes a new solid-state nuclear
magnetic resonance approach to RP quantitation in whole
cells or cell extracts without solubilization or purification.
The method is straightforward and inexpensive and
requires only ~50 mL culture and a low-field spectrom-
eter.

common approach to producing recombinant protein
(RP) begins with incorporation of recombinant DNA
(rDNA) into bacteria followed by cell growth, expression and
lysis, and finally chromatography to obtain pure RP. The
assessment of RP quantity and purity after the expression,
solubilization, and/or chromatography steps is typically done
using sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS—PAGE) that separates proteins by molecular
weight (MW). For several different RPs in our laboratory, the RP
gel band was not clearly observed after expression or
solubilization and the final RP purified yield was unacceptably
low, e.g., 0.1 mg of RP/L of culture." One hypothesis to explain
this result is low RP expression followed by high-yield
solubilization and chromatography. A second distinct hypothesis
is high RP expression followed by poor solubilization and high-
yield chromatography. A third hypothesis is high RP expression
and solubilization followed by chromatographic loss of RP.
Distinguishing among these hypotheses is important because (1)
the corrective changes to the experimental protocol to improve
RP vyield are very different for each hypothesis and (2)
implementing these changes is often time- and labor-intensive.
For example, low protein expression might be improved by
codon changes in the rDNA or by varying induction time,
whereas low solubilization might be improved by comprehensive
screening of lysis buffers that differ in terms of additives such as
denaturants and detergents.

This study focuses on distinguishing between the first low
expression and the second low solubilization hypotheses. The
third chromatographic loss hypothesis is typically straightfor-
wardly tested by comparing the relative RP gel band intensities of
washes versus elutions from the chromatographic column. RP
expression is typically examined by first boiling an aliquot of cells
in buffer containing SDS buffer with subsequent SDS—PAGE of
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solubilized protein. The RP quantity is estimated by comparison
of the intensity of the RP band to the intensities of bands of
native bacterial proteins. There are a few reports of more accurate
quantitation.” This approach relies on a RP MW that is
fortuitously different from the MWs of any of the abundant
bacterial proteins. Alternatively, the quantity of the solubilized
RP could be much higher than the quantities of any of these
native proteins, i.e., high RP expression and high solubility.

An assumption of the approach is that most of the RP is
solubilized by boiling. However, the largest RP fraction in cells is
typically solid inclusion body (IB) aggregates that can be difficult
to solubilize. It is therefore important to develop alternative
approaches for RP quantitation in either whole cells or cell
extracts enriched with IB solids. One potential method is IR
spectroscopy of IBs and is based on the hypothesis of an
increased fraction of f-sheet for the RP in IBs relative to the
native structure, perhaps because of partial amyloid structure in
the IB.> However, the fractional increase in f-sheet structure is
likely highly variable among RPs in IBs with one RP in IBs
showing retention of a large fraction of native helical structure.*

This study describes an alternate solid-state nuclear magnetic
resonance (SSNMR) approach to quantifying RP in whole
bacterial cells and cell extracts enriched with IBs. The approach
does not depend on the structure(s) of the RPs in IBs. We note
that there have been earlier applications of SSNMR to whole
bacterial cells and cell extracts with a typical goal of elucidation of
details of atomic-resolution structure.” ® The new method has
been tested with five different RPs whose amino acid sequences
are given in the Supporting Information. The generality of the
approach is supported by use of different plasmid and Escherichia
coli strain types.

One RP is human proinsulin (HPI), which is the precursor to
the hormone insulin.” Folded HPI is a monomer with an a-
helical core.'® Three RPs (Hairpin, Fgp41, and Fgp41+) are
different ectodomain segments of the HIV gp41 protein."' "'
gp41 is an integral HIV membrane protein, and the ~175 N-
terminal residues of gp41 make up the ectodomain that lies
outside the virus. The ectodomain is subdivided into the ~20 N-
terminal fusion peptide (FP) residues that bind to membranes
and the larger C-terminal region that folds as a helical hairpin
with a 180° turn." There is further assembly of three hairpins to
form a molecular trimer with a six-helix bundle (SHB) structure
that is hyperthermostable. Hairpin, Fgp41, and Fgp41+ likely all
form SHB structure with sequence differences among constructs
as well as a lack of FP and most of the loop in Hairpin. The fifth
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Figure 1. HC variant of RP quantitation. Panel a displays '*C SSNMR spectra of ['*CO]Leu ICP samples. Panel b displays the RP expression levels
calculated from the RP*,, — RP™,, difference intensities of the *CO (~175 ppm) region. The differences between the ordering of spectral intensities in
panel a and the ordering of expression levels in panel b are largely due to different N /N, ratios in the RP sequences. Panel ¢ displays an SDS—PAGE
gel of most of the samples, and the marked bands may correspond to the RPs.

RP, FHA2, is the full ectodomain of the HA2 subunit of the
hemagglutinin protein of the influenza virus."*™'® HA2 has a
topology and membrane fusion function similar to those of gp41,
but there is little sequence homology between HA2 and gp41."”
Membrane-associated FHA2 has folded SHB structure. Previous
efforts to solubilize each of these RPs from bacteria were
consistent with a large fraction of RP in IBs.

We present “HC” and “HCN” SSNMR approaches to RP
quantitation that require double-resonance 'H, "*C and triple-
resonance 'H, *C, "N SSNMR spectrometers and probes,
respectively. For the HC approach, two samples are prepared
that are denoted “RP*,,;” and “RP7,;,”, and the bacteria have a
plasmid with and without the RP rDNA insert, respectively. The
preparation of either sample includes the addition of a *CO-
labeled amino acid to the expression medium. For this study, this
is ['*CO]Leu. The SSNMR (RP*,,, — RP7;,,) *CO difference
intensity should therefore be the signal of the labeled (lab) *CO
nuclei of the RP. Comparison with a standard curve of *CO
intensity versus moles of *CO allows for conversion to the mass
of RP per liter of bacterial culture, which is a common metric of
RP expression. The variation in cell mass between the RP*;;, and
RP™,,, samples is accounted for by matching the intensities of the
two samples in the 0—90 ppm aliphatic region. This aliphatic *C
signal serves as an internal standard because it is due to natural
abundance (na) nuclei whose numbers should be comparable in
a RP* cell and a RP™ cell.

The second HCN approach applies rotational-echo double-
resonance (REDOR) SSNMR to one RP*},;, sample labeled with
either a *CO- and "*N-labeled amino acid or a *CO-labeled
amino acid and a *N-labeled amino acid.'® Separate S, and S,
REDOR data are acquired with 1 ms dephasing. All **C signals
are detected in S, whereas there is specific attenuation in S; of
signals of directly bonded "*CO—"°N spin pairs because of the
~1 kHz dipolar coupling. The AS = S, — S; *CO spectrum is
therefore dominated by these pairs.'”” The AS '*CO signal
intensity is converted to the mass of RP per liter of culture using a
method analogous to that of the HC approach. Relative to HC,
the HCN RP quantitation has the advantage of one rather than
two samples. The HC variant has the advantage of requiring a
double- rather than a triple-resonance SSNMR spectrometer and
probe. Triple-resonance SSNMR instruments are less common
and can have a lower *C sensitivity.

The Supporting Information provides detailed protocols for
sample preparation and SSNMR. The ~2 day experiment is
mostly unattended. The approach is inexpensive with a culture
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volume of only ~50 mL and ~10 mg of labeled amino acid.
There is also a protocol for suppressing scrambling of the *CO
and/or N labels to other amino acid types.zo A “whole cell”
(WC) sample is the centrifugation pellet of the bacterial culture.
Cell lysis is conducted prior to centrifugation for the “insoluble
cell pellet” (ICP) sample. The RP*;,, ICP is therefore enriched in
IB RP. The 9.4 T magnetic field, 8 kHz MAS frequency, and ~50
kHz radiofrequency fields are moderate and accessible for many
NMR facilities, including those with an SSNMR probe (cost of
about $100000) on an otherwise liquid-state NMR instrument.

Figure 1 displays results from HC RP quantitation. Panel a
displays *C spectra of the [*CO]Leu RP™;,;, and RP*;;, samples.
Although there are differences in plasmid and E. coli strain types
among the samples, the corresponding spectra have similar
aliphatic "*C signal intensities in the 0—90 ppm region. The
isotropic *CO signals of the spectra are near 175 ppm with much
weaker spinning sideband '*CO signals near 95 and 255 ppm.
Relative to those of RP™,;, there are much larger *CO signals in
the RP*;;, spectra, which support significant expression of all the
RPs. There are also differences among the *CO intensities of the
different RP*,,;, samples, which support RP-dependent variation
in expression. Panel b displays the expression levels in milligrams
of RP per liter of culture as determined from (1) measurements
of I and I, the integrated aliphatic and isotropic *CO
intensities of the RP™,;, spectrum, respectively; (2) measure-
ments of the corresponding I and I+ of the RP™y;, spectrum;
and (3) calculation of the *CO intensity from ["*CO]Leu
samples in the RP using Iy*(Ico /Ia — Ico™/Iar), where I is the
value for a typical sample and Iy(Ico /L) and Iye(Ico/Iyr) are
BCO intensities normalized to NMR sample mass. The
expression level is calculated using (3) and (i) an experimentally
determined mole *CO/Io conversion factor; (i) MWgp/Np .
where N, is the number of Leu residues in the RP sequence;
and (iii) the NMR sample is from cells in a culture volume of ~25
mL.

The SSNMR-determined expression levels (panel b) are 100—
450 mg of RP/L of culture. These levels are very high relative to
the reported ~5 mg/L purified yields for Fgp41, FHA2, and
HPL"”'® The most common current approach to assessing RP
expression is SDS—PAGE. Panel c displays SDS—PAGE results
for boiled ICPs. Relative to the background, there are clear bands
for HPI and Hairpin and much fainter and more ambiguous
bands for FHA2 and Fgp4l. The variation of the RP band
intensities in the SDS—PAGE gel is more reflective of differences
in RP IB solubilization than differences in expression levels.

dx.doi.org/10.1021/bi4007034 | Biochemistry 2013, 52, 4285—4287
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Figure 2. ®CO AS spectra based on the S, and S, spectra of three
different ICP samples. The RP*;,, and RP7;,;, plasmids had and lacked
the Fgp4l insert, respectively. The lab and na expression media
contained [*CO,"*N]Leu and unlabeled Leu, respectively. (a) The
AS(RP*,,) = S, — S, signal represents directly bonded *CO—"°N spin
pairs of the RP*;,, sample. (b) The AS = AS(RP*,,) — AS(RP™,;,)
signal is from spin pairs of IB Fgp4l. (c) The AS = AS(RP*,,) —
AS(RP*,,) signal is from lab spin pairs of the RP*;, sample.

FHA2 and Fgp41 are membrane proteins, while HPI and Hairpin
are not; therefore, the membrane RP IBs appear to be less well-
solubilized. The SSNMR approach has the important advantage
of being independent of IB solubilization.

The HCN approach is based on the AS = S, — §; *CO
REDOR difference spectrum of the RP*;,, ICP sample. This
spectrum is dominated by directly bonded lab *CO—""N spin
pairs in the IB RP. For Figure 2a, RP = Fgp4l, lab =
[*CO,"*N]Leu, and the AS spectrum is mostly due to the N-
terminal Leu residues of the six LL dipeptides in the Fgp4l
sequence. One control is the RP7, AS spectrum that is
dominated by LL dipeptides of proteins other than Fgp4l
produced during expression. However, there is no AS(RP™,,;)
signal (Supporting Information), or equivalently, Figure 2b
shows a AS(RP*,,;,) — AS(RP™;,;,) spectrum very similar to the
AS(RP*},;,) spectrum that must therefore be dominated by the IB
Fpg41 signals. Another control is the AS(RP*,,) spectrum of a
sample prepared with unlabeled Leu and reflecting signals of na
BCO—"3N spin pairs. However, there is little AS(RP*,,) signal as
reflected in Figure 2c, where the AS(RP*,,) — AS(RP,.)
spectrum is similar to the AS(RP*;,;,) spectrum.

The HCN approach to quantitation of RP expression is
detailed in the Supporting Information. For a particular RP*},,
sample, the HC and HCN expression levels typically agree within
a factor of 2. Quantitative labeling of the RP is assumed for both
approaches, so the levels are likely lower limits of expression but
probably within a factor of ~2. Incomplete labeling will have a
larger effect on HCN quantitation because the AS signal is only
observed for dipeptides with both residues labeled.

Most of folded Fgp41 is a thermostable six-helix bundle that
includes the six LL dipeptides.”> The AS spectrum was
previously obtained for [*CO,'"N]Leu Fgp41 that had been
purified, refolded, and reconstituted in membranes." There was a
single peak with a 178 ppm shift and a 3 ppm width that is
consistent with folded helical structure. The AS(RP*,;)
spectrum of Fgp41 in IBs (Figure 2) is very similar and supports
formation of folded Fgp41 structure in the IBs. For other RPs in
IBs, the AS spectral widths are sometimes much broader, e.g., ~7
ppm for HPI (Supporting Information). This breadth is
consistent with unfolded RP structure in the IBs. SSNMR
quantitation of RP expression by either the HC or HCN
approaches is independent of the degree of RP folding in the IBs.

For all the RPs of this study, the SSNMR spectra demonstrated
high expression, i.e., >100 mg of IB RP/L of culture, so the main
obstacle to purified RP is solubilization of the IBs. For other RPs
that are produced at much lower levels, SSNMR could also be
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applied to optimize RP production. ['**CO]RP*;,;, samples would
be prepared with different growth and/or expression parameters
and expression levels determined from the *CO intensities. In
summary, this paper describes general, inexpensive, rapid, and
straightforward SSNMR approaches to RP quantitation in whole
cells and cell extracts without purification.
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Additional NMR spectra, cell growth and labeling, sample
preparation, plasmids and protein sequences, NMR methods,
and analysis. This material is available free of charge via the
Internet at http://pubs.acs.org.
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Supporting Information for “Quantitation of Recombinant Protein in Whole Cells
and Cell Extracts by Solid-State NMR Spectroscopy” by E. P. Vogel and D. P Weliky

A. RP plasmid and cell types

Table SI1. RP plasmids and E. coli cell types

Sample type Recombinant protein (RP) Plasmid type Cell type
RP™ None pET24a+ Rosetta2
RP* Fgp4l pET24a+ Rosetta2
RP* Fgp41+ pET24a+ Rosetta2
RP* FHA2 pET24a+ Rosetta2
RP* Hairpin PGEMT BL21(DE3)
RP* Human Proinsulin (HPI) pQE-31 BL21(DE3)

Table SI2. RP amino acid sequences®

Fap4i
AVGLGAVFLGFLGAAGSTMGAASMTLTVQARQLLSGIVQQQSNLLKAIEA

QQHLLKLTVWGIKQLQARVLAVERYLQDQQLLGIWGASGKLIATSFVPWN
NSWSNKTYNEIWDNMTWLQWDKEISNYTDTIYRLLEDSQNQQEKNEQDL
LALDKLEHHHHHH

Fgp41+
AVGLGAVFLGFLGAAGSTMGAASMTLTVQARQLLSGIVHQQSNLLKAIEA

QQHLLKLTVWGIKQLQARVLAVERYLOQDQQLLGIWGASGKLIATSFVPWN
NSWSNKTYNEIWDNMTWLQWDKEISNYTDTIYRLLEDSQNQQEKNEQDL
LALDKWANLWNWFSITNWLWYIKLEHHHHHH

FHAZ2
GLFGAIAGFIENGWEGMIDGWYGFRHQNSEGTGQAADLKSTQAAIDQING
KLNRVIEKTNEKFHQIEKEFSEVEGRIQDLEKYVEDTKIDLWSYNAELLVALE
NQHTIDLTDSEMNKLFEKTRRQLRENAEEMGNGSFKIYHKADNAAIESIRN
GTYDHDVYRDEALNNRFQIKGVELKSGYKDWVEHHHHHH

Hairpin
CTLTVQARQLLSGIVQQQNNLLRAIEAQQHLLQLTVWGIKQLQARILSGGR
GGWMEWDREINNYTSLIHSLIEESQNQQEKNEQELLELDKW

Human Proinsulin (HPI)
GSSHHHHHHSSGLDPVLMFVNQHLCGSHLVEALYLVCGERGFFYTPKTRRE
AEDLQVGQVELGGGPGAGSLQPLALEGSLQKRGIVEQCCTSICSLYQLENY
CN

? Underlined regions contain non-native residues that were inserted into the sequence.



B. Materials

The Fgp41 plasmid included an insert corresponding to the 154 N-terminal residues of the gp41
protein of HIV-1 (Q45D5 primary isolate). The human proinsulin (HPI) plasmid was obtained
from Dr. Robert B. Mackin at Creighton University and contained an insert corresponding to the
87 residues of human proinsulin. The FHA2 plasmid was obtained from Dr. Yeon-Kyun Shin at
lowa State University and contained an insert corresponding to the 185 N-terminal residues of
the HA2 subunit of the hemagglutinin protein of the influenza virus (X31 strain). The Hairpin
plasmid was obtained from Dr. Kelly Sackett at Michigan State University and contained an
insert corresponding to residues 23-70 and 117-145 of the gp4l protein of HIV-1 (HXB2
laboratory strain). The insert also included a SGGRGG linker between the two gp41 regions.
Each plasmid was transformed into either BL21(DE3) or BL21(DE3) Rosetta2 chemically
competent E. coli cells (Novagen, Gibbstown, NJ). Other reagents and their sources include:
Luria-Bertani Broth (LB) medium (Acumedia, Lansing, Ml); isopropyl-B-D-thiogalactopyranoside
(IPTG) (Anatrace, Maumee, OH); isotopically labeled amino acids (Cambridge Isotope
Laboratories, Andover, MA). Other materials were obtained from Sigma-Aldrich (St. Louis, MO).

C. Sample preparation

One 250 mL flask containing 100 mL of LB and the proper antibiotic was inoculated with 0.5 mL
of a glycerol stock of E. coli cells that contained a specific plasmid. The flask was placed in an
incubator shaker with shaking at 180 rpm and a temperature of 37 °C. After 16 hours, the ODgg
was ~4 and the cells were harvested by centrifugation at 10,000g at 4°C for 10 minutes. The
cells were then resuspended into a 250 mL baffled flask containing 50 mL of M9 minimal
medium, antibiotic, 100 puL of 1.0 M MgS0Q,, and 250 pL of 50% v/v glycerol. After about one
hour of shaking at 180 rpm at 37 °C, log(ODeqo) vs time was linear and the E. coli cells were
induced by addition of IPTG to a concentration of 2.0 mM. Induction continued for 3 hours with
shaking at 37 °C. For many growths, a dry mixture was prepared that contained 10 mg of each
of the 20 common amino acids. One or two of the amino acids typically also contained *CO
and/or o-°N isotopic labeling. This mixture was added to the medium just before addition of
IPTG and an equivalent mixture was added after one hour of induction. After three hours of
expression, the cells were harvested by centrifugation at 10,000 g at 4°C for 10 minutes. The
cell pellet (~0.5 g wet mass) was stored at -20 °C.

“Whole cell” (WC) NMR samples were lyophilized cell pellets. “Insoluble cell pellet” (ICP)
samples were prepared by first suspending ~0.5 g whole cell pellet in ~40 mL PBS (pH 7.3)
followed by placement on ice. Lysis of the E. coli cells was achieved by sonication with a tip
sonifier (4 one minute cycles, 80% amplitude, 0.8 seconds on, 0.2 seconds off). After sonication,
the suspension was centrifuged at 50,000g at 4°C for 20 minutes. The supernatant (containing
soluble proteins) was discarded and the ICP with inclusion body (IB) RP was not lyophilized.

D. SDS-PAGE

10 mg of ICP was suspended in 100 pL of SDS-containing sample buffer. Each suspension was
vortexed, boiled for 5 minutes, and then centrifuged for one minute. The supernatant was
diluted 5X with SDS-containing sample buffer and 15 uL of this solution was added to a well in
the electrophoretic apparatus.



E. Solid-state NMR (SSNMR)

The sample (either WC or ICP) was packed into a 4 mm diameter solid-state NMR magic angle
spinning (MAS) rotor. The active sample volume of the rotor was ~40 uL. Data were obtained
with a 9.4 T instrument (Agilent Infinity Plus) and a triple-resonance MAS probe whose rotor
was cooled with nitrogen gas at —20 °C. Experimental parameters included: (1) 8.0 kHz MAS
frequency; (2) 5 us *H 1/2 pulse and 2 ms cross-polarization time with 50 kHz *H field and 70-80
kHz ramped 13C field; (3) 1 ms rotational-echo double-resonance (REDOR) dephasing time with
a9 us Bcn pulse at the end of each rotor period except the last period and for the S;
acquisition, a 12 ps °N 1t pulse at the center of each rotor period; and (4) 3¢ detection with 90
kHz two-pulse phase modulation *H decoupling (which was also on during the dephasing time);
and (5) 0.8 sec pulse delay. Data were acquired without (So) and with (S1) >N 1t pulses during
the dephasing time and respectively represented the full **C signal and the signal of *Cs not
directly bonded to N nuclei.”* Spectra were externally referenced to the methylene carbon of
adamantane at 40.5 ppm so that the *CO shifts could be directly compared to those of soluble
proteins.3

F. Suppression of scrambling of isotopic labels

Experimental design of the HCN variant of the method included targeting a specific dipeptide
sequence in the RP through addition to the expression medium of either: (1) one *CO-labeled
amino acid and one °N-labeled amino acid; or (2) one single *CO,’N-labeled amino acid.
Glycerol was the only other carbon source and NH4Cl was the only other nitrogen source in the
expression medium. A negative control “RP*,;,” whole cell (WC) sample was prepared with this
protocol using cells that contained the FHA2 plasmid and with *CO-Ala and *°N-Val in the
expression medium. As shown in Fig. Sl1a, some AS signal was observed even though there are
no AV dipeptides in the FHA2 sequence. This signal may be due to AV dipeptides in other
proteins produced during the expression period. Alternatively, there could be metabolic
scrambling in the bacteria of the 130 label into other “X” amino acids and/or scrambling of the
>N label into other “Y” amino acids with consequent AS signal from AY, XV, or XY dipeptides in
the FHA2 sequence. The protocol was modified to suppress scrambling by first preparing a solid
mixture containing 10 mg each of: (1) B3Co-Ala; (2) *°N-Val; and (3) each of the 18 other amino
acids (unlabeled). This mixture was added to the culture just prior to induction and an
equivalent mixture was added after one hour of induction. Scrambling was greatly reduced with
the modified protocol as evidenced by a AS signal (Fig. SI1b) that was ~3-times smaller than the
signal of the sample prepared with the initial protocol (Fig. SI1a). The suppression of scrambling
was likely through product feedback inhibitory loops of the bacterial amino acid metabolic
pathways.*
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Figure SI1: AS spectra for WC samples prepared using expression medium that contained: (a)
13co-Ala and °N-Val as well as glycerol and NH4Cl; or (b) 13c0o-Ala, °N-Val, and the other 18
amino acids in unlabeled form, as well as glycerol and NH4Cl. Each AS spectrum was the result
of the difference between (a) 46652 So and 46652 S; scans or (b) 43647 So and 43647 S; scans.
There is no line broadening or baseline correction. The panel a integrated intensity in the *CO
chemical shift range (185-170 ppm) was 58.1 + 9.9 and the panel b intensity was 21.3 + 8.3.
Each uncertainty was the standard deviation of the integrated intensities in 13 other regions of
the spectrum for which no AS intensity is expected, cf. Table SI3 below. The difference in the
standard deviations of the two samples was not statistically significant at the 95% confidence
level as evaluated by the F test. For the 12 degrees of freedom in each data set, the critical
value of F is 2.69 which is greater than the 1.43 value calculated from the data.



Table SI3. Integrated intensities of the Fig. SI1 spectra’

Shift integration interval (ppm)  Spectrum a Spectrum b
185 = 170 = s 58.1279 21.341
400 - 385 2.6401 5.7787
380 - 365 -14.3034 5.7584
360 - 345 -0.0376 -22.852
340 - 325 -4.2526 -3.7395
320 - 305 -6.1709 2.6227
300 - 285 17.543 -17.4505
280 - 265 -8.8076 -12.6827
240 - 225 -12.7001 9.506
220 - 205 -8.9171 -10.7618

0->-15 -2.5523 -7.8094
-20 > -35 -2.0299 2.4773
-40 - -55 4.2796 2.4773
-60 - -75 -0.3178 -1.3408

“The I,s is the integrated intensity in the 185 - 170 ppm interval. No significant signal is
expected in the other intervals and the uncertainty in /x5 is the standard deviation of the
integrated intensities in these intervals.

G. Criterion for quantitative labeling of the RP

This calculation shows the 20 mg aliquot of labeled amino acid in the 50 mL expression medium
is sufficient for quantitative labeling of a RP. Consider that RP = Hairpin, the labeled amino acid
= Leu, and the expression level = 500 mg Hairpin/L culture. There are 14 Leu’s in the 92-residue
Hairpin and mass Leu/mass Hairpin = 0.15. This is a “worst-case” example for labeling because
of the high Leu mass fraction in Hairpin and because of the high expression level (which is two
times greater than the already-high experimentally observed Hairpin expression level).

Minimum required mg Leu in 50 mL culture =

[5 x 10° mg Hairpin/L] x [5 x 1072 L] x [(mole Hairpin)/(1.0723 x 10’ mg Hairpin)]
x [(14 mole Leu)/(mole Hairpin)] x [(1.33 x 10° mg Leu)/(mole Leu)]

= 4 mglLeu



H. Standard Curve Experiments

Three samples were prepared. For the first sample, 25 mg *3C0O,**N-Leu was massed and then
manually mixed with sufficient talc to fill the ~40 uL volume of the rotor. The second sample
was similarly prepared but with 5 mg **CO,N-Leu. For the third sample, 1 mg of *CO,"’N-Leu
was manually mixed with sufficient talc to fill two rotor volumes and half of this mixture was
used for the experiment. Fig. SI2 displays the *CO spectra of these three samples, Table SI4
displays the /o values determined from the spectral intensities, and Fig. SI3 displays a plot of
the Ico vs mole 3CO as well as best-fit line.

| T T 1 | | T T 1 [ L [
200 150 200 150 200 150

13C Chemical Shift (ppm)

13 15
Figure SI2. B3¢ spectra of samples containing = CO, N-Leu mixed with talc. The samples for the

green, pink, and blue spectra respectively contained 0.5, 5, and 25 mg of 13CO,15N—Leu. The
relative scaling factors of the green, pink and blue spectra are 50, 5, and 1 and were chosen to
facilitate assessment of the degree of linearity of intensity vs mass 130, N-Leu. Each REDOR S,
spectrum was acquired with 1 ms dephasing time and is the sum of 50,000 scans. Each

. . . . th .
spectrum was processed with 200 Hz Gaussian line broadening and 5 order polynomial
baseline correction.



Table Sl4. /o values for the 13CO,l‘r’N-Leu/taIc samples

13CO,15N-Leu (mg) 13CO,lSN-Leu (moles) leo”
0.5 3.75x 10 ° 1432 (12)
5 375 x 10 > 11666 (12)
25 1.88 x 10 40603 (12)

? The uncertainty was calculated based on the spectral noise of the sample containing 0.5 mg
3€0,"N-Leu. This spectrum was chosen because it had the smallest fluctuations arising from
truncation of the free-induction data. The intrinsic (non-truncation) noise should be the same
for all spectra because each was the sum of the same number of scans on the same
spectrometer.
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Figure SI3. Ico vs mole °CO for three different samples prepared with *>CO,"N-Leu manually
mixed with talc to fill the 4 mm rotor volume. The best y = mx linear fit to the data is /o =

2
2.12(13) x 10® mole *3CO. The best-fit R” = 0.9852.



. HC determination of RP expression

Fig. 1a displays the HC variant 3¢ spectra of the RP7,, and most RP*j, ICP samples and
Fig. SI4 displays additional **C spectra of the HPI samples.

f 1-°C Leu, "N Val
HP!I

1-"C Leu, N Tyr

HPI
1-"C Leu, "N Ala
HPI
i
[T T T T [T T T T [T T T T[T T T T T T T T[T T 1T
300 250 200 150 100 50 0

"C Chemical Shift (ppm)

Figure SI4. 1>C REDOR S, spectra with 1 ms dephasing time for three different ICP RP*/, samples

all with RP = HPI and 13CO—Leu labeling. The N labeling differed among the samples but N
nuclei do not affect the Sy spectrum. Each spectrum is the sum of 50,000 scans and was
processed with 100 Hz Gaussian line broadening and a 5™ order baseline correction. Minor
scaling of the intensities was done to have more equal aliphatic (0-90 ppm) intensities among
the three spectra.



The RP expression level is calculated with Eq. SI1 and the underlying rationales for this
equation and descriptions of the terms are presented below.

Mass RP/volume culture =

{Uco™/1ar") = (leo 1)} Ve x 1 x € x MWpgp/Nigp (SI1)

For spectra of both the RP*,, and RP g, ICP samples, integrated intensities (/) were
measured for both the *CO = 170-185 ppm region (ie. Ico” and Ico~) and the aliphatic (Al) = 0-90
ppm region (ie. I,/ and I4). The Ico and I, for all samples are presented in Table SI5. There are
large variations among the /¢ values with the smallest value for the RP™j,, sample, as expected.

The (Ico'™=Ico 1) difference should be proportional to the number of moles of 13co-Leu
in the RP in the NMR sample. However, there is sample-to-sample variation in the total ICP
mass packed into the NMR rotor and this should be accounted for because mass RP in the rotor
is proportional to the mass ICP in the rotor. We considered that the ICP mass o« /4 as justified
by: (1) the aliphatic °C signal should not be affected by incorporation of **CO-Leu into protein
produced during the expression period; and (2) the Table SI5 data don’t show any clear
correlation between the Icp and I, values of a sample; ie. /4 is approximately independent of RP
quantity. The effect of the RP*),, sample mass was accounted for with multiplication by IA,O/IA,+
where 1,° corresponds to a “typical” sample. The effect of the RP,, sample mass was
accounted for by a similar factor 14°/1a7. For numerical calculation of RP expression levels, I =
1000 was chosen as the “typical” value, cf. Table SI5.

C is the standard curve-derived coefficient (mole 13CO)/ICO ratio that is specific to the
SSNMR spectrometer and probe. For the present study, C = 4.72x107° mole CO and was
determined using the standard curve and analysis presented in Section H.

V. corresponds to the culture volume needed to prepare an ICP that fills the NMR rotor.
V. = 25 mL was used for the numerical calculations because about two rotors could be filled
with the ICP from a 50 mL culture.

The (moles **CO-Leu in the RP)/(volume culture) was converted to (mass RP)/(volume
culture) with multiplication by MWgp/Nj,, where MWgp = RP molecular weight and N, =
number of labeled residues in the RP. The expression levels calculated with Eq. SI1 are
presented in Table SI6.

The calculations assume quantitative >CO-Leu labeling of the RP. For fe, fractional
labeling, we expect that (Ico'/la’)~(Ico /la) Will be reduced by a factor of ~fco. The Table SI6
calculated levels are therefore likely lower limits on RP expression.



Table SI5. 3C signal intensities of the *CO-Leu labeled ICP samples ab

Sample type RP Labeled amino acid(s) lco Al I/l
RP 1ab none 3€0o,N-Leu 353 802 1.25
RP* b Fgpal B3c0o,"N-Leu 1041 926 1.08
RP*.b Fgp4l+ 3co,"N-Leu 918 857 1.17
RP"jab FHA2 3€0o,N-Leu 931 667 1.50
RP* b Hairpin B3c0o,"N-Leu 1269 576 1.74
RP*1ab HPI Bco-Leu + ®N-Val 3708 1338 0.75
RP*1ab HPI Bco-Leu + °N-Ala 2934 931 1.07
RPY1ab HPI BCo-Leu + °N-Tyr 3796 1150 0.87

“Integration windows are 170-185 ppm for Ico and 0-90 ppm for /.
® 1, is for a typical sample and was set to 1000.

Table SI6. RP expression calculated using the HC approach ¢

. IA|0 X . .
P M N it SIS
Fgp4l  CO,™N-Leu 684 24 18376 105 (1) 5.7 (1)
Fgp4l+  CO,"N-Leu 632 26 20809 101 (2) 4.9 (1)
FHA2 Bco,”N-Leu 956 13 22363 329 (4) 14.7 (2)
Hairpin ~ 3CO,N-Leu 1763 14 10723 270 (2) 25.2 (2)
HPI  *CO-Leu + N-Val 2331 14 11348 378 (3) 33.3(2)
HPI  cO-Leu + *’N-Ala 2710 14 11348 439 (3) 38.7 (2)
HPI  CO-Leu + °N-Tyr 2862 14 11348 464 (3) 40.9 (2)

? The uncertainties in expression levels are calculated from spectral noise. The expression levels
for the three samples with RP = HPI indicate that the typical sample-to-sample variation in
expression is £10%.
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J. HCN determination of RP expression

Fig. SI5 displays the Sq and S; spectra associated with Fig. 2, Table SI7 lists the
parameters of the best-fit deconvolutions of the Fig. 2 AS spectra, Fig. SI6 displays the AS
spectra for the RP™ g, and the RP*,5, samples, and Table SI8 lists the peak shifts, line widths, and
Ixs for the RP*,, spectra. These figures and tables are followed by a description of the HCN
approach to determination of RP expression.

a
-_—_.___rA-
b
e e At — = R T
C
L L L N I
300 250 200 150 100 50 0

"*C Chemical Shift (ppm)

Figure SI5: Sy (black) and S; (red) spectra used for the AS spectra displayed in Fig. 2 in the main
text. For panel a, the spectra are from a single RP*),, ICP sample for which the cells contained
the Fgp4l plasmid and the expression medium contained *CO,"N-Leu. For panel b, the
displayed spectra are differences between the (RP*/,») and (RP7q) samples, ie. So(RP*/as)—So(RP™
io6) and Si(RP*45)—-S1(RP 1es). For panel ¢, the displayed spectra are differences between the
(RP*1e) and (RP*,,) samples, ie. So(RP*/as)=So(RP*pa) and S1(RP¥/as)=S1(RP*pa). The same vertical
scale was used for all spectra. Spectral processing included 5™ order polynomial baseline
correction and no line broadening. Each of the experimental spectra was the sum of 50,000
scans.
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Table SI7. Best-fit deconvolutions of Fig. 2 AS spectra ¢

Fig. 2 spectrum  Peak 3C shift (ppm) Linewidth (ppm) Integrated intensity

a 178.4 3.0 61 (7)
b 178.4 3.1 57 (6)
c 178.4 2.8 53 (5)

“The parameters are for the best-fit Gaussian lineshape of the dominant Bco spectral peak

including full-width at half-maximum linewidth. The uncertainty in integrated intensity is the
RMSD spectral noise in a 5 ppm region.

1-""C Leu, "N Val

HPI
1-"C Leu, "N Tyr
HPI
1-"C. "N Leu
Hairpin
1-"C Leu, "N Ala
HPI
1-"C, *N Leu
13 15 Fap41
e i TSR 48, iy e
9 FHA2
1-"C, N Leu
RP~ W N\"

WV‘W\J\ My W - nju W NVJ W,

[TTTT] [TTTT] [TrrIr] [TTTT] [TTTT] [TTTT] [TTTIT] [TTTT]
200 150 200 150 200 150 200 150 200 150 200 150 200 150 200 150

“C Chemical Shift (ppm)

Figure SI6. AS spectra of the Bco region of the RP7,, and RP*j,, ICP samples with the indicated
13c0o and N labeling and RP. Each AS spectrum was the difference between 50,000 S, and
50,000 S; scans and was processed without line broadening and with 5™ order polynomial
baseline correction. The spectra are displayed with the same vertical scale.
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Table SI8. Analysis of the AS spectra of the RP*,, ICP samples

RP Labeled amino acid(s) Peak shift (ppm) Linewidth (ppm) ¢ Ips
Fgp41” 3co,"N-Leu 178.3 3.5 79
Fgp4l+ 3co,"N-Leu 178.1 45 79

FHA2 B3c0o,N-Leu 178.6 3.4 71
Hairpin 3co,"N-Leu 178.6 3.4 139

HPI Bco-Leu + PN-val 175.2 7.0 395

HPI Bco-Leu + °N-Ala 176.6 5.3 146

HPI 13co-Leu + °N-Tyr 174.3 4.7 251

?Linewidth is full-width at half-maximum of the isotropic **CO peak.

®Each Ixs was determined from integration over the isotropic >CO spectral region. The typical
RMSD spectral noise was ~5 as determined from integrations over other regions of the AS
spectrum.

Table SI8 presents the /55 integrated 13co intensities for all RP*,, ICP samples. The /xs =
0 for the RP j,, sample, cf. Fig. SI6. HCN RP expression was calculated using Eq. SI2 and the
underlying rationales for this equation as well as descriptions of terms are presented below.

Mass RP/volume culture = Ixs/V, x C/0.7 x MWpgp/Ngip (S12)

The Ixs/V. x €/0.7 = (mole *CO-Leu in labeled **CO-"N dipeptides in the RP in the
rotor)/(volume culture). These ICP samples were prepared from V. = 25 mL culture volume. The
C = 4.72 x 102 mole CO is the experimentally-determined conversion factor of spectral
intensity to mole CO, cf. section H. The 0.7 factor is the fractional dephasing of a directly
bonded *CO-">N spin pair with 1 ms REDOR dephasing time.>® The (mole *CO-Leu in labeled
B3c0o-N dipeptides in the RP)/(volume culture) is converted to (mass RP)/(volume culture) by
multiplication by MWgp/Nyi, where MWpgp = RP molecular weight and Ngj, = number of labeled
dipeptides in the RP. Table SI9 presents the /xs, Ngjs, MWgp, and calculated RP expression levels.

Eqg. SI2 assumes quantitative *CO and N labeling of the RP. For fco and fy fractional
labelings, Ixs will be reduced by a factor of ~(fco x fn) so the Table SI9 calculated levels are likely
lower limits on RP expression.
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Table SI9. HCN determination of RP expression °

Expression (mg Expression (umol

RP Labeled amino acid(s)  Ixs Ngip MWegp (Da) RP/L culture) RP/L culture)

Fgpal c0o,"”N-Leu 78.6 6 18376 65 (4) 3.5(2)
Fgp4l+ 3o, N-Leu 78.9 6 20809 74 (4) 3.5(2)
FHA2 3c0,"N-Leu 71.1 1 22363 429 (23) 19.2 (1.0)
Hairpin Bc0,”N-Leu 1386 4 10723 100 (4) 9.3 (4)
HPI BCO-Leu + °N-val 3946 2 11348 603 (7) 53.2 (6)
HPI Bco-leu+ ®N-Ala 1463 1 11348 447 (17) 39.4 (1.5)
HPI Bco-Leu+N-Tyr 2508 2 11348 384 (4) 33.8 (4)

“Uncertainties in expression levels are based on spectral noise.

Unlike the HC approach, determination of RP expression with the HCN approach did not
take into account the ICP mass that was packed into the NMR rotor. This reflects the possibility
that the HCN approach could be applied to a single RP*,, sample. For this case, it would be
difficult to assess the “typical” value I,° and the IA,O/IA,+ scaling factor. For the present study, we
have /4 values from several RP*,, and RP ™o samples and have estimated 14° = 1000. Inclusion
of the I4°/1, scaling factor in the HCN analysis improves agreement between the expression
levels calculated with the HC and HCN approaches. In particular, the HCN expression level for
Hairpin increases from 100 to 175 mg/L and becomes much closer to the 270 mg/L level
calculated with the HC approach.
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